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Preface 


The  Seventh  International  Congress  of  Toxicology  was  held  in  Seattle,  Washington,  USA  from  July  2 
to  July  6,  1995.  Over  2000  scientists  from  more  than  50  countries  participated  in  scientific  sessions  and 
social  events,  and  viewed  exhibits  provided  by  more  than  100  exhibitors.  The  theme  of  the  Congress  was 
‘Horizons  in  Toxicology:  Preparing  for  the  21st  Century’.  The  scientific  presentations  of  the  Congress 
included  the  prestigious  Deichmann  Lecture,  Keynote  Lecture,  4  Plenary  Lectures,  21  Symposia,  13 
Workshops,  6  Continuing  Education  Courses  (four  of  which  were  offered  twice),  2  Debates  and  1331 
abstracts  for  Posters,  Poster  Discussions,  and  Short  Oral  Communications. 

To  insure  rapid  publication  of  the  proceedings,  an  Editorial  Review  Committee  consisting  of  the 
following  members  provided  reviews  during  the  Congress  of  a  majority  of  the  submitted  manuscripts. 


Chantel  Bismuth 
Donald  deBethizy 
Lucio  Costa 
David  Eaton 
Donald  Fox 
Helmut  Greim 
Ernest  Hodgson 
Thomas  Goldsworthy 
James  Klaunig 
Crispin  Pierce 
Paolo  Preziosi 
Ken  Wallace 


James  Bus 
Donald  Buhler 
Erik  Dybing 
Alan  Fantel 
Clement  Furlong 
Ernie  Harpur 
Steven  Gilbert 
Paul  Jean 
Curtis  Omiecinski 
Gabriel  Plaa 
Lewis  Smith 


The  administrative  tasks  associated  with  the  manuscript  reviews  were  performed  in  very  able  fashion 
by  Roxanne  Bodine  and  Carolyn  Knapp. 

Many  thanks  go  to  all  of  those  who  were  so  willing  to  assist  in  the  publication  of  these  proceedings. 
Financial  support  for  the  Congress  is  also  acknowledged;  contributions  range  from  the  major 
contributors  shown  here  to  those  attendees  who  in  part  or  entirely  paid  the  costs  of  attending  the 
Congress.  Without  these  sacrifices  the  gathering  of  scientists  from  around  the  world  would  not  have 
been  possible. 

Toxicology  is  a  rapidly  advancing  field  of  scientific  endeavour  with  a  multidisciplinary  base  that  gives 
a  unique  quality  to  the  research  that  ranges  from  epidemiology  to  the  mechanistic  basis  for  the 
understanding  of  toxic  events.  This  volume  reflects  such  a  range  of  scientific  research  and  truly 
represents  the  theme  of  the  Congress.  It  has  been  a  pleasure  to  have  the  opportunity  to  read  each 
manuscript  and  to  enjoy  the  excitement  and  fervor  of  toxicology  today  with  a  focus  on  the  coming 
Century.  We  look  forward  to  the  Eighth  International  Congress  of  Toxicology  to  be  held  in  1998  in 
Paris. 


Donald  J.  Reed 
Corvallis,  Oregon 
August  31,  1995 
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1995  Deichmann  Lecture— p53  tumor  suppressor  gene:  at  the 
crossroads  of  molecular  carcinogenesis,  molecular  epidemiology 

and  cancer  risk  assessment 


Curtis  C.  Harris 

Laboratory  of  Human  Carcinogenesis,  National  Cancer  Institute,  National  Institutes  of  Health.  Bethesda.  MD  20892,  USA 


Abstract 

Carcinogenesis  is  a  multistage  process  involving  activation  of  protooncogenes,  e.g.,  ras,  and  inactivation  of  tumor 
suppressor  genes,  e.g.,  p53  and  pl6'NK4.  p53  is  a  prototype  tumor  suppressor  gene  that  is  well  suited  for  analysis  of 
mutational  spectrum  in  human  cancers;  it  is  the  most  common  genetic  lesion  in  human  cancers,  it  is  a  reasonable 
size  for  a  molecular  target,  and  it  may  indicate  selection  of  mutations  with  pathobiological  significance.  The  p53 
mutational  spectrum  differs  among  cancers  of  the  colon,  lung,  esophagus,  breast,  liver,  brain,  reticuloendothelial 
tissues  and  hemopoietic  tissues.  Analysis  of  these  mutations  can  provide  clues  to  the  etiology  of  these  diverse 
tumors  and  to  the  function  of  specific  regions  of  p53.  Transitions  predominate  in  colon,  brain  and  lymphoid 
malignancies.  Mutational  hotspots  at  CpG  dinucleotides  in  codons  175,  245,  248,  273  and  282  may  reflect 
endogenous  mutagenic  mechanisms,  e.g.,  deamination  of  5-methylcytosine  to  thymidine.  Oxy-radicals  including 
nitric  oxide  may  enhance  the  rate  of  deamination.  G:C  to  T:A  transversions  are  the  most  frequent  substitutions 
observed  in  cancers  of  the  lung,  breast,  esophagus  and  liver,  and  are  more  likely  to  be  due  to  bulky  carcinogen- 
DNA  adducts.  G  to  T  transversion  is  more  common  in  lung  cancers  from  smokers  when  compared  to  never 
smokers.  The  high  frequency  of  p53  mutations  in  the  nontranscribed  DNA  strand  is  a  reflection  of  strand  specific 
repair.  p53  mutation  and/or  accumulation  of  p53  protein  can  be  preinvasive  events  in  bronchial  or  esophageal 
carcinogenesis.  p53  mutations  also  generally  indicate  a  poor  prognosis.  In  geographic  areas  where  hepatitis  B  virus 
(HBV)  and  aflatoxin  B,  are  cancer  risk  factors,  most  mutations  are  at  the  third  nucleotide  pair  of  codon  249.  In 
geographic  areas  where  hepatitis  B  and  C  virsus  -  but  not  aflatoxin  B,  -  are  risk  factors,  the  p53  mutations  are 
distributed  in  numerous  codons.  HBV  X  protein  complexes  with  the  p53  protein  and  inhibits  its  sequence  specific 
DNA  binding,  transactivating  and  apoptotic  capacity.  The  mutation  load  of  249'"  mutant  cells  in  nontumorous  liver 
is  positively  correlated  with  dietary  aflatoxin  B,  exposure.  The  induction  of  skin  carcinoma  by  ultraviolet  light  is 
indicated  by  the  occurrence  of  p53  mutations  at  dipyrimidine  sites  including  CC  to  TT  double  base  changes.  In 
summary,  these  differences  in  mutational  frequency  and  spectrum  among  human  cancer  types  suggest  the 
etiological  contributions  in  both  exogenous  and  endogenous  factors  to  human  carcinogenesis  and  have  implications 
for  human  cancer  risk  assessment. 

Keywords:  p53  tumor  suppressor  gene;  Carcinogenesis;  Cancer  risk  assessment;  Mutagenesis 


The  crucial  differences  between  normal  and  have  been  discovered,  several  of  which  are  impli- 

cancer  cells  stem  from  discrete  changes  in  cated  in  the  natural  history  of  human  cancer 

specific  genes  controlling  proliferation  and  tissue  because  they  are  consistently  found  mutated  in 

homeostasis.  Over  100  such  cancer-related  genes  tumors.  The  p53  tumor  suppressor  gene  is  the 
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most  striking  example  because  it  is  mutated  in 
about  half  of  almost  all  cancer  types  arising  from 
a  wide  spectrum  of  tissues.  Other  tumor  suppres¬ 
sor  genes  important  in  human  oncology,  e.g., 
APC,  WT1,  pl61NK4  or  NF1  may  have  a  more 
limited  distribution  (Table  1),  but  given  the 
variety  of  hereditary  cancers  and  allelic  deletions 
found  in  human  cancers,  additional  tumor  sup¬ 
pressor  genes  should  be  identified  in  the  future, 
some  of  which  may  also  have  a  conspicuous  role 
in  carcinogenesis. 

Tumor  suppressor  genes  are  vulnerable  sites 
for  critical  DNA  damage  because  normally  they 
function  as  physiological  barriers  against  clonal 
expansion  or  genomic  mutability,  and  are  able  to 
hinder  growth  and  metastasis  of  cells  driven  to 
uncontrolled  proliferation  by  oncogenes.  Loss  of 
tumor  suppressor  function  can  occur  by  damage 
to  the  genome  through  mutation,  chromosomal 
rearrangement  and  nondisjunction,  gene  conver¬ 
sion,  imprinting,  or  mitotic  recombination. 
Tumor  suppressor  activity  also  can  be  neutral¬ 
ized  by  interaction  with  other  cellular  proteins  or 
with  viral  oncoproteins.  Comprehensive  reviews 
of  this  rapidly  advancing  field  of  molecular 
carcinogenesis  are  available  [4-6]. 

The  p53  suppressor  gene  is  the  most  promi¬ 
nent  example  because  it  is  mutated  in  about  half 
of  human  cancer  cases  [7,8].  Although  the  retino¬ 
blastoma  and  APC  tumor  suppressor  genes  are 
most  commonly  inactivated  by  nonsense  muta¬ 
tions  that  cause  the  protein  to  be  truncated  or 
unstable,  about  80%  of  p53  mutations  are  mis- 
sense  mutations  that  change  the  identity  of  an 
amino  acid.  Changing  amino  acids  in  this  way 
can  alter  the  protein  conformation  and  increase 
the  stability  of  p53;  it  can  also  alter  sequence- 
specific  DNA  binding  and  transcription  factor 
activity  of  p53  [9].  One  explanation  for  the  high 
frequency  of  p53  mutation  is  that  the  missense 
class  of  mutations  can  cause  both  a  loss  of  tumor 
suppressor  function  and  a  gain  of  oncogenic 
function  by  changing  the  repertoire  of  genes 
whose  expression  are  controlled  by  this  transcrip¬ 
tion  factor  [10,11].  The  central  role  of  p53  in 
multistage  carcinogenesis  places  it  at  the  intel¬ 
lectual  crossroads  of  molecular  carcinogenesis, 


molecular  epidemiology  of  human  cancer,  and 
cancer  risk  assessment. 

p53  participates  in  many  cellular  functions  - 
cell  cycle  control,  DNA  repair,  differentiation, 
genomic  plasticity,  and  programmed  cell  death 
[8,10,12].  p53  is  one  component  of  the  DNA 
damage  response  pathway  in  mammalian  cells 
(Fig.  1).  Some  of  these  normal  cellular  functions 
of  p53  can  be  modulated  and  sometimes  in¬ 
hibited  by  interactions  with  either  cellular  pro¬ 
teins,  e.g.,  mdm2,  or  oncoviral  proteins,  e.g., 
hepatitis  B  virus  X  protein,  of  certain  DNA 
viruses.  p53  is  clearly  a  component  in  a  bio¬ 
chemical  pathway  or  pathways  central  to  human 
carcinogenesis,  and  p53  mutations  provide  a 
selective  advantage  for  clonal  expansion  of  pre¬ 
neoplastic  and  neoplastic  cells. 

The  spectrum  of  p53  mutations  induced  in 
human  cancer  can  help  identify  particular  car¬ 
cinogens  and  define  the  biochemical  mechanisms 
responsible  for  the  genetic  lesions  in  DNA  that 
cause  human  cancer.  The  frequency  and  type  of 
p53  mutations  can  also  act  as  a  molecular 
dosimeter  of  carcinogen  exposure  and  thereby 
provide  information  about  the  molecular  epi¬ 
demiology  of  human  cancer  risk.  The  p53  gene  is 
well  suited  for  this  form  of  molecular  archaeolo¬ 
gy.  The  majority  of  mutations  in  p53  are  in  the 
hydrophobic  midregion  of  the  protein  (Fig.  2) 
[8].  The  function  of  the  p53  protein  as  a  tran¬ 
scription  factor  is  exquisitely  sensitive  to  con- 


CELL  CYCLE  ARREST,  DNA  REPAIR 
AND  APOPTOSIS  INDUCED  BY  DNA  DAMAGE 


Fig.  1.  DNA  damage  leads  to  p53  accumulation  and  sub¬ 
sequent  changes  in  gene  expression  and  protein-protein 
interactions. 
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Fig.  2.  Schematic  representation  of  p53  molecule.  The  p53 
protein  consists  of  393  amino  acids  with  functional  domains, 
evolutionarily  conserved  domains,  and  regions  designated  as 
mutational  hotspots.  Functional  domains  include  the  trans¬ 
activation  region  (amino  acids  20-42,  diagonal  striped 
blocks),  sequence-specific  DNA  binding  region  (amino  acids 
100-293),  nuclear  localization  sequence  (amino  acids  3 lb- 
325.  vertical  lined  block),  and  oligomerization  region  (amino 
acids  319-360,  horizontal  striped  block).  Cellular  or  oncoviral 
proteins  bind  to  specific  areas  of  the  p53  protein.  Evolution¬ 
arily  conserved  domains  (amino  acids  17-29,  97-292,  and 
324-352;  black  areas)  were  determined  using  the  MACAW 
program.  Seven  mutational  hotspot  regions  within  the  large 
conserved  domain  are  identified  (amino  acids  130-142,  151- 
164.  171-181.  193-200,  213-223,  234-258,  and  270-286, 
checkered  blocks).  Vertical  lines  above  the  schematic,  mis- 
sense  mutations;  lines  below  schematic,  nonmissense  muta¬ 
tions.  The  majority  of  missense  mutations  are  in  the  con¬ 
served  hydrophobic  midregion,  while  nonmissense  (nonsense, 
frameshift,  splicing,  and  silent  mutations)  are  distributed 
throughout  the  protein,  determined  primarily  by  sequence 
context. 


formational  changes  in  this  region  that  result 
from  amino  acid  substitutions  [13],  and  p53 
binding  to  other  cellular  and  oncoviral  proteins 
can  easily  be  disrupted  by  mutations  in  this 
region. 

How  can  p53  mutation  spectra  lead  to  identifi¬ 
cation  of  the  carcinogens  that  caused  a  particular 
tumor?  Different  carcinogens  cause  characteristic 
mutations.  Exposure  to  one  common  carcinogen, 
ultraviolet  light,  is  correlated  with  transition 
mutations  at  dipyrimidine  sites  [14];  dietary  afla- 
toxin  B,  exposure  is  correlated  with  G:C  to  T:A 


transversions  that  lead  to  a  serine  substitution  at 
residue  249  of  p53  in  hepatocellular  carcinoma 
[15,16];  and  exposure  to  cigarette  smoke  is  corre¬ 
lated  with  G:C  to  T:A  transversions  in  lung 
carcinomas  [17]. 

How  these  mutations  arise  can  be  further 
tested  in  the  laboratory.  For  example,  the  pre¬ 
dominant  base  changes  in  p53  found  in  lung 
cancers  (G:C  to  T:A  transversions)  and  skin 
carcinomas  (C:G  to  T:A  transitions)  suggest  that 
the  causal  lesion  likely  occurred  on  the  non- 
transcribed  strand,  a  finding  that  is  consistent 
with  the  preferential  repair  after  damage  of  the 
transcribed  strand  of  active  genes  [18].  Ben- 
zo[tf]pyrene,  a  carcinogen  in  tobacco  smoke, 
forms  DNA  adducts  that  are  more  slowly  re¬ 
paired  when  present  on  the  nontranscribed 
strand  than  on  the  transcribed  strand  of  the 
hypoxanthine  (guanine)  phosphoribosyl  transfer¬ 
ase  gene  [19],  and  ultraviolet  light-induced  cross¬ 
links  of  dipyrimidines  in  the  nontranscribed 
DNA  strand  of  the  p53  gene  also  are  more 
slowly  repaired  than  in  the  transcribed  strand 
[20].  Because  DNA  repair  rates  can  be  sequence- 
dependent  [21],  the  p53  mutation  spectrum  could 
be  influenced  by  both  the  type  and  location  of 
the  promutagenic  lesion.  Transcription-repair 
coupling  factors,  the  products  of  the  mfd,  XPB 
(ERCC-3)  and  XPD  (ERCC-2)  genes,  have  been 
recently  identified  and  provide  a  mechanistic 
underpinning  for  strand-specific  repair  [22-24]. 
The  p53  protein  binds  to  XPB  and  XPD  DNA 
helicases  in  the  TFIIH  complex  and  modulates 
their  function  in  nucleotide  excision  repair  [25]. 
Another  example  comes  from  areas  of  China  and 
Mozambique  with  a  high  incidence  of  liver  can¬ 
cer.  The  high  frequency  of  G:C  to  T:A  transver¬ 
sions  in  human  hepatocellular  carcinomas  in  this 
region  could  be  due  to  the  high  mutability  of  the 
third  base  of  codon  249  by  aflatoxin  B,  or  a 
selective  growth  advantage  of  hepatocyte  clones 
carrying  this  specific  p53  mutant  in  liver  chroni¬ 
cally  infected  with  hepatitis  B  virus.  Indeed,  the 
third  base  of  codon  249  in  a  human  liver  cell  line 
exposed  to  aflatoxin  Bj  is  preferentially  mutated 
[26]  and  transfected  249SL'r  p53  mutant  enhances 
the  growth  rate  of  the  p53  null  hepatocellular 
carcinoma  cell  line,  Hep3B  [27].  Other  p53 
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codons  show  a  lower  frequency  of  G:C  to  T:A, 
G:C  to  A:T,  and  G:C  to  C:G  mutations,  which 
suggests  that  both  preferential  mutability  and 
clonal  selection  are  involved  in  human  hepato¬ 
cellular  carcinogenesis. 

The  p53  mutational  spectra  also  can  provide 
molecular  evidence  that  a  particular  cancer  did 
not  result  from  an  environmental  carcinogen  but 
instead  was  caused  by  endogenous  mutagenesis. 
The  high  frequency  of  C  to  T  transitions  at  CpG 
dinucleotides  in  colon  carcinomas  [7]  is  consis¬ 
tent  with  mutagenesis  by  endogenous  deamina¬ 
tion  mechanisms.  A  transition  of  C  to  T  would 
be  generated  by  spontaneous  deamination  of  5- 
methylcytosine  [28]  or  by  enzymatic  deamination 
of  cytosine  by  DNA  (cytosine-5 )-methyl  transfer¬ 
ase  when  S-adenosylmethionine  is  in  limiting 
concentration  (or  by  both  mechanisms)  [29]. 
Because  oxygen  radicals  enhance  the  rate  of 
deamination  of  deoxynucleotides  [30,31],  chronic 
inflammation  and  nitric  oxide  generated  by  nitric 
oxide  synthases  may  explain  why  rats  that  inhale 
particulate  materials  that  cause  inflammation, 
but  do  not  act  directly  on  DNA,  have  a  high 
incidence  of  lung  cancer. 

Mutations  in  p53  can  also  reveal  that  an 
individual  has  an  increased  susceptibility  to  can¬ 
cer  owing  to  inheritance  of  a  germline  mutation, 
a  concept  first  proposed  for  the  retinoblastoma 
(Rb)  tumor  suppressor  gene  [32].  Germline  p53 
mutations  are  missense  and  occur  frequently  in 
the  cancer-prone  individuals  with  Li-Fraumeni 
syndrome  [33].  Laboratory  animals  with  either  a 
mutant  p53  transgene  or  a  deleted  p53  gene,  that 
is,  homozygous  or  heterozygous  ‘gene  knock¬ 
outs’,  also  are  particularly  susceptible  to  cancer 
[34,35].  These  mutations  in  p53  are  associated 
with  instability  in  the  rest  of  the  genome  [36]. 
Such  instability  could  generate  multiple  genetic 
alterations  leading  to  cancer.  Indeed,  genomic 
instability  (including  gene  amplification)  in¬ 
creases  in  frequency  in  cells  that  lack  a  normal 
p53  gene  [37,38].  Furthermore,  loss  of  the  wild- 
type  alleles  of  the  p53  gene  abrogates  DNA 
damage-induced  delay  of  the  cell  cycle  in  G1 
[39].  DNA  repair  of  certain  promutagenic  lesions 
can  proceed  prior  to  DNA  synthesis  in  S  phase. 
Less  time  for  repair  would  increase  the  fre- 


Fig.  3.  Human  cancer  risk  assessment  and  bioethical  issues 
associated  with  molecular  epidemiology  and  human  cancer. 


quency  of  mutations.  Since  p53  is  an  integral 
component  in  one  pathway  of  programmed  cell 
death  (apoptosis)  induced  by  DNA-damaging 
chemotherapeutic  drugs  or  ionizing  radiation 
[40,41],  inactivation  of  p53  could  increase  both 
the  pool  of  proliferating  cells  and  the  probability 
of  their  neoplastic  transformation  by  inhibition 
of  programmed  cell  death. 

Such  progress  in  the  fields  of  molecular  car¬ 
cinogenesis  and  molecular  epidemiology  in¬ 
creases  our  ability  to  accurately  assess  cancer  risk 
(Fig.  3).  Cancer  risk  assessment,  a  highly  visible 
discipline  in  public  health,  has  historically  relied 
on  classical  epidemiology,  from  chronic  exposure 
of  rodents  to  potential  carcinogens,  and  the 
mathematical  modeling  of  these  findings.  The 
field  has  been  forced  to  steer  a  prudent  course  of 
conservative  risk  assessment  because  of  limited 
knowledge  of  the  complex  pathobiological  pro¬ 
cesses  during  carcinogenesis:  differences  in  the 
metabolism  of  carcinogens,  different  DNA  repair 
capacities,  variable  genomic  stability  among  ani¬ 
mal  species,  and  variation  among  individuals 
with  inherited  cancer  predisposition  have  made 
definitive  analysis  of  cancer  risk  almost  impos¬ 
sible  [5,42].  Because  regulatory  decisions  based 
on  cancer  risk  assessments  have  significant  public 
health  and  economic  consequences,  the  scientific 
basis  of  risk  assessment  continues  to  be,  and 
should  continue  to  be,  actively  investigated  [43]. 

Many  questions  remain.  Are  the  pathways  of 
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molecular  carcinogenesis  similar  in  rodents  and 
humans?  Because  the  time  to  develop  cancer  is 
generally  shorter  in  rodents  than  in  humans, 
could  the  apparent  interspecies  differences  be 
due  to  the  number  of  genetic  and  epigenetic 
events  required  for  malignant  progression  or  to 
the  rate  of  transit  between  the  events?  Is  the 
more  frequent  mutation  of  the  ras  proto-on- 
cogenes  in  rodent,  as  compared  to  human,  cancer 
a  reflection  of  a  pathway  that  is  parallel  and 
equivalent  to  the  p53  pathway  in  human  carcino¬ 
genesis?  Are  the  selective  pressures  for  clonal 
expansion  of  preneoplastic  and  neoplastic  cells  in 
human  carcinogenesis  similar  to  those  in  animal 
models? 

Investigations  of  the  p53  tumor  suppressor 
gene  are  an  example  of  the  recent  progress  in 
molecular  aspects  of  cancer  research.  A  better 
understanding  of  molecular  carcinogenesis  and 
molecular  epidemiology  will  eventually  decrease 
the  qualitative  and  quantitative  uncertainties 
associated  with  the  current  state  of  cancer  risk 
assessment  and  improve  public  health  decisions 
concerning  cancer  hazards.  Indeed,  determina¬ 
tion  of  the  type  and  number  of  mutations  in  p53 
and  other  cancer-related  genes  in  tissues  from 
‘healthy’  people  may  allow  the  identification  of 
those  at  increased  cancer  risk  and  their  con¬ 
sequent  protection  by  preventive  measures. 
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Abstract 

Recent  work  in  our  laboratory  has  examined  mechanisms  whereby  chemicals  produce  mutagenicity  in  short-term 
in  vitro  assays  yet  fail  to  produce  carcinogenesis  in  2-year  rodent  bioassays.  These  studies  have  used  mutagenic 
structural  analogs  of  carcinogenic  and  noncarcinogenic  chemicals  for  comparison.  Our  previous  studies  have 
determined  that  differences  in  the  metabolism  and  disposition  of  these  chemicals  were  not  responsible  for  their 
observed  carcinogenic  differences,  but  that  carcinogenicity  correlated  with  the  ability  of  the  respective  isomer  to 
induce  cell  proliferation  in  the  target  organ.  Mutagenic  noncarcinogens  such  as  2,6-diaminotoluene  (DAT), 
1-nitropropane  (NP),  dimethoate,  dioxathion,  and  dichlorvos  failed  to  induce  an  increase  in  cell  turnover  in  the 
target  organs.  An  increase  in  cell  proliferation  was  observed  following  exposure  to  the  mutagenic  carcinogen 
analogs  2,4-DAT  (liver),  2-NP  (liver),  and  rra(2,3-dibromopropyl)phosphate  (kidney).  Our  recent  studies  have  used 
transgenic  (Big  Blue®)  mice  to  detect  in  vivo  mutagenesis  induced  by  DAT  isomers.  Results  of  these  studies 
demonstrate  that  administration  of  the  carcinogenic  isomer,  2,4-DAT,  resulted  in  an  increase  in  in  vivo  mutation 
frequency,  whereas  administration  of  the  noncarcinogenic  isomer,  2,6-DAT,  failed  to  do  so.  These  results  indicate 
that  cell  proliferation  may  be  requisite  for  expression  of  chemical-induced  mutagenicity  in  vivo  and  thereby 
accommodate  expression  of  carcinogenicity. 

Keywords:  Cell  proliferation;  Mutagenic  noncarcinogens;  Mutagenic  carcinogens;  Diaminotoluenes;  Nitropropanes; 
Organophosphates;  Big  Blue®  transgenic  mouse  system 


In  an  effort  to  predict  the  carcinogenicity  of 
chemicals  more  quickly  and  cheaply  than  can 
be  achieved  using  a  2-year  rodent  bioassay, 
numerous  short-term  assays  have  been  de¬ 
veloped.  The  most  commonly  used  assay  is  the 
Salmonella  mutagenicity  test  which  consists  of  a 
bacterial  test  strain,  the  chemical  of  interest, 
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and  a  metabolic  activation  system  [1].  Recent 
analysis  has  demonstrated  that  the  data  from 
this  test  were  in  concordance  with  the  results 
from  2-year  rodent  bioassays  as  often  or  more 
often  than  were  data  from  other  commonly 
used  short-term  assays  [2,3].  However,  the  con¬ 
cordance  between  the  Salmonella  mutagenicity 
test  and  rodent  bioassays  for  carcinogenesis  is 
still  much  less  than  desirable.  Two  major 
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groups  of  chemicals  were  identified  where  short¬ 
term  test  data  did  not  agree  with  data  from 
rodent  bioassays:  (1)  chemicals  which  were  not 
mutagenic  in  the  Salmonella  test  yet  were  found 
to  induce  cancer  in  rodents;  and  (2)  chemicals 
which  were  positive  mutagens  in  the  Salmonella 
test  yet  failed  to  induce  cancer  in  rodents.  The 
first  group  was  termed  ‘false  negatives1  and  the 
second  group  ‘false  positives’  due  to  the  discord¬ 
ance  between  results  in  short-term  tests  and 
rodent  bioassays.  This  discordance  between  re¬ 
sults  from  in  vitro  short-term  tests  and  in  vivo 
bioassays  decreases  the  confidence  and  therefore 
the  value  of  short-term  testing  for  the  prediction 
of  carcinogenicity.  Our  approach  to  understand¬ 
ing  the  discordance  between  such  in  vitro  and  in 
vivo  test  results  has  been  to  study  pairs  of 
structurally  related  compounds,  both  of  which 
are  mutagenic  in  short-term  assays,  yet  one  is 
carcinogenic  and  one  noncarcinogenic  in  NTP 
bioassays.  We  sought  differences  in  the  way 
rodents  respond  to  treatment  of  these  pairs  of 
chemicals  in  order  to  gain  insight  into  the  pro¬ 
cesses  resulting  in  the  carcinogenicity  of  one  of 
the  pair  and  the  lack  of  carcinogenicity  of  the 
other. 

Research  in  our  laboratory  demonstrated  that 
one  difference  between  the  mutagenic  car¬ 
cinogens  and  the  mutagenic  noncarcinogens  was 
in  the  ability  of  the  carcinogens,  but  not  the 
noncarcinogens  to  induce  cell  proliferation  in  the 
target  organ  for  carcinogenesis  [4-7].  These 
results  provide  support  for  the  hypothesis  that 
chemically  induced  cell  proliferation  is  associated 
with  carcinogenesis.  Similar  conclusions  have 
been  made  by  other  investigators  [8,9]. 

It  is  generally  accepted  that  carcinogenesis  is  a 
multi-step  phenomenon,  including  the  stages  of 
initiation,  promotion,  and  progression.  The  car¬ 
cinogen  and  the  noncarcinogen  in  the  pairs  we 
studied  must  therefore  produce  opposite  effects 
in  the  rodent  at  one  of  these  steps  in  order  to 
explain  the  reason  for  their  opposite  effects  in 
the  NTP  bioassay.  Our  initial  studies  tested  the 
mutagenic  hepatocarcinogen  2,4-diaminotoluene 
(2,4-DAT)  and  the  mutagenic  noncarcinogen  2,6- 
diaminotoluene  (2,6-DAT)  for  differences  in 
their  disposition  and  metabolism  (Fig.  1).  We 


nh2 


Fig.  1.  Structures  of  2,4-  and  2.6-diaminololuene. 


reasoned  that  a  possible  explanation  for  the 
observed  difference  in  their  carcinogenicity  may 
result  from  poor  absorption  or  low  metabolic 
activation  of  the  noncarcinogenic  2,6-DAT  as 
compared  to  the  carcinogenic  2,4-DAT.  Results 
of  these  studies  demonstrated  no  differences  in 
the  rate  of  absorption  or  the  degree  of  metabo¬ 
lism  between  these  2  compounds  [10]. 

The  next  step  in  the  multi-step  process  of 
carcinogenesis  is  a  round  of  cell  replication  which 
fixes  the  genetic  lesion  in  at  least  one  of  the 
daughter  cells  and  prevents  DNA  repair  enzymes 
from  repairing  errors.  Using  immunohistochemi- 
cal  techniques,  we  demonstrated  that  the  car¬ 
cinogenic  isomer  2,4-DAT  produced  a  dose-re¬ 
lated  increase  in  cell  proliferation  in  rat  liver, 
whereas  the  noncarcinogen  2,6-DAT  produced 
no  increase  in  cell  proliferation  in  the  liver,  even 
at  twice  the  dose  of  2,4-DAT.  The  doses  selected 
for  our  studies  were  equivalent  to  the  doses  used 
in  the  NTP  bioassay  [4]. 

We  also  observed  similar  results  with  the 
mutagenic  hepatocarcinogen  2-nitropropane  (2- 
NP;  Fig.  2)  and  the  mutagenic  noncarcinogen 
1-nitropropane  (1-NP;  Fig.  2).  2-NP  is  mutagenic 
in  in  vitro  tests  and  produced  benign  and  malig¬ 
nant  liver  tumors  in  male  Sprague-Dawley  rats 
after  26-week  gavage  exposure  [11].  We  demon¬ 
strated  that  2-NP  produced  significant,  dose-re¬ 
lated  cell  proliferation  in  the  liver  in  rats.  The 
mutagenic  structural  analog,  1-NP,  did  not 
produce  hepatic  tumors  after  a  26-week  gavage 
study  similar  to  that  for  2-NP,  and  was  shown  to 

02N-CH2-CH2-CH3  H3C-CH(N02)-CH3 

Fig.  2.  Structures  of  1-  and  2-nitropropane. 
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Fig.  3.  Structures  of  mutagenic  noncarcinogens  dichlorvos, 
dimethoate  and  dioxathion. 


produce  no  increase  in  hepatic  cell  proliferation 
above  control  [5]. 

Dichlorvos,  dimethoate,  and  dioxathion  (Fig. 
3)  were  chosen  for  study  because  they  were 
positive  in  short-term  in  vitro  bacterial  muta¬ 
genesis  assays  and  possess  structural  alerts  for 
carcinogenicity  [12],  yet  were  not  carcinogenic  in 
the  liver  or  kidney  in  2-year  bioassays  [7].  They 
are  widely  used  organophosphate  insecticides  for 
application  on  agricultural  crops  and  livestock. 
Human  exposure  may  occur  with  agricultural 
workers  as  well  as  those  involved  in  their  manu¬ 
facture. 

These  are  structurally  similar  to  the  or¬ 
ganophosphate  flame  retardant  tris(2,3-di- 
bromopropyl)phosphate  (TRIS)  which  is  also 
mutagenic,  possesses  structural  alerts  for  car¬ 
cinogenicity  as  determined  by  Ashby  and  Ten¬ 
nant  [12]  (Fig.  4),  and  was  shown  to  be  a  potent 
renal  carcinogen  in  long-term  feeding  studies  [6]. 

The  observation  that  TRIS  induces  cell  prolif¬ 
eration  only  in  the  outer  medulla  of  the  kidney 
prompted  a  further  histopathological  review  of 
the  kidneys  of  the  TRIS-exposed  animals.  Re¬ 
sults  of  this  further  evaluation  indicated  the  renal 
adenomas  and  adenocarcinomas  were  found  al- 
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Fig.  4.  Structure  of  the  mutagenic  renal  carcinogen  TRIS. 


most  exclusively  in  the  outer  medulla  following 
2-year  feeding  studies  and  provided  strong  evi¬ 
dence  for  the  role  of  cell  proliferation  in  the 
renal  carcinogenesis  induced  by  TRIS  [6].  The 
observation  that  cell  proliferation  may  be  tissue 
or  cell  type-specific  may,  therefore,  be  of  predic¬ 
tive  value.  Information  on  the  mutagenicity  of  a 
chemical,  in  addition  to  data  on  the  site  of 
induction  of  cell  proliferation,  may  prove  useful 
for  the  prediction  of  carcinogenicity  and  its 
localization  within  a  tissue  or  organ.  The  ob¬ 
servation  that  the  dose-response  relationship  for 
cell  proliferation  in  this  study  and  the  incidence 
of  renal  tubular  carcinogenesis  were  both  flat  is 
very  interesting.  This  suggests  that  a  maximal 
effect  occurred  in  both  the  carcinogenesis  and 
cell  proliferation  studies  at  50  ppm  which  may 
have  resulted  from  saturated  GI  absorption  or 
renal  metabolism  of  TRIS. 

Transient  bursts  of  cell  proliferation,  up  to 
several  weeks,  may  be  sufficient  to  produce  the 
conditions  favorable  for  carcinogenesis.  This  may 
be  especially  true  for  mutagenic  chemicals.  The 
combination  of  mutagenicity  and  at  least  a  tran¬ 
sient  round  of  cell  replication  may  enhance  the 
induction  of  carcinogenesis.  In  support  of  this 
concept,  it  was  observed  that  the  first  identifiable 
step  in  diethylnitrosamine  hepatocarcinogenesis 
is  the  appearance  of  altered  foci  containing 
glutathione  transferase-placental  form  (GST-P) 
which  was  demonstrated  to  occur  in  the  same 
hepatocytes  which  stain  positive  for  BrdU  [13]. 
These  data  suggest  that  induced  cell  proliferation 
may  act  in  the  initiation  stage  of  chemical  car¬ 
cinogenesis,  at  least  for  mutagenic  chemicals. 
Nonmutagenic  carcinogens,  such  as  Wy-14643, 
mirex,  perfluorooctanoic  acid  or  methapyrilene 
may  require  more  sustained  levels  of  cell  prolif¬ 
eration  in  order  to  induce  carcinogenesis  than 
are  required  for  mutagenic  chemicals  [14-17]. 
Clearly,  more  research  is  needed  to  evaluate  the 
relevance  of  transient  versus  sustained  cell  prolif¬ 
eration  in  the  carcinogenicity  of  mutagenic  and 
nonmutagenic  chemicals. 

Several  lines  of  evidence  suggest  a  mechanistic 
basis  for  the  relationship  between  enhanced  cell 
replication  and  chemical  carcinogenesis:  (1)  en¬ 
hanced  cell  replication  increases  the  number  of 
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cells  in  S  phase  which  is  a  sensitive  time  in  the 
cell  cycle  during  which  DNA  is  more  vulnerable 
to  the  damaging  effects  of  chemicals,  and  limits 
the  time  for  DNA  repair  before  mutations  be¬ 
come  permanent  [18];  (2)  enhanced  cell  replica- 
tion  per  se  may  also  result  in  oncogene  activation 
produced  by  hypomethylation  of  chromatin  [19] 
and  (3)  increased  cell  proliferation  may  also 
promote  the  clonal  expansion  of  preneoplastic 
cells  during  the  promotion  and  progression 
stages  in  multi-stage  carcinogenesis  models 
[8,20]. 

Our  recent  studies  with  2,4-  and  2,6-DAT 
using  newly  developed  transgenic  mouse  lines 
have  provided  further  insight  into  the  relation¬ 
ship  of  cell  proliferation  and  chemically  induced 
mutagenesis  [21].  Transgenic  mouse  mutagenesis 
assays  represent  a  novel  approach  for  assessing 
the  mutagenicity  of  various  compounds.  Before 
the  availability  of  these  assays,  the  mutagenic 
properties  of  a  chemical  were  often  determined 
using  only  short-term  in  vitro  tests.  The  Big 
Blue®  assay  represents  an  opportunity  to  ex¬ 
amine  the  in  vivo  mutagenic  properties  of  de¬ 
leterious  agents  through  the  use  of  a  stable 
genomic  integration  of  the  lambda  (A)  shuttle 
vector  (ALIZ)  which  carries  a  lad  target  gene 
and  a  lacZ  reporter  gene  [22,23].  After  treatment 
of  mice  with  the  agent  in  question,  genomic 
DNA  is  isolated  from  the  mouse  target  organ(s) 
and  the  A  shuttle  vector  is  recovered  using  in 
vitro  phage  packaging  extracts.  Infection  of  E. 
coli  SCS-8  cells  followed  by  expression  of  the 
lad  and  lacZ  genes  permits  the  detection  of 
phage-carrying  mutated  lad  genes.  If  the  normal 
function  of  the  lad  repressor  is  disrupted,  the 
lacZ  gene  product,  /3-galactosidase,  is  expressed 
resulting  in  the  generation  of  blue  plaques  on 
plates  containing  the  chromogenic  substrate  X- 
gal  (5-bromo-4-chloro-3-indolyl-/?-D-galacto- 

pyranoside)  [22].  Scoring  the  ratio  of  these  blue 
mutant  plaques  to  colorless,  nonmutant  plaque 
allows  for  the  quantitative  measure  of  mutant 
frequency  (MF)  in  the  tissue  of  interest.  We 
examined  the  lad  mutant  frequencies  induced 
after  exposing  male  B6C3F1  mice  to  2,4-  and 
2,6-DAT  in  feed.  We  demonstrated  a  2-fold 
increase  in  MF  at  the  90-day  time  point  in  the 


2.4- DAT-treated  animals  that  was  significant 
(P  <  0.01)  as  compared  to  either  the  untreated 
controls  or  the  2,6-DAT-treated  animals.  That 

2.4- DAT  but  not  2,6-DAT  was  found  to  be 
mutagenic  in  vivo  is  interesting  in  light  of  previ¬ 
ous  studies  conducted  in  this  laboratory  in  which 
we  demonstrated  that  2,4-DAT,  but  not  2,6-DAT 
induces  hepatocellular  proliferation  [4].  We  pos¬ 
tulate  that  a  cytoproliferative  effect  in  target 
organs  could  produce  an  elevated  MF  in  Big 
Blue®  mice  as  a  result  of  clonal  expansion  of 
chemically  mutated  cells.  Cells  carrying  DNA 
damage  from  either  2,4-  or  2,6-DAT  treatment 
would  yield  mutations  if  forced  to  replicate. 
However,  hepatocellular  proliferation  is  only 
induced  by  2,4-DAT.  The  cytotoxicity  and  com¬ 
pensatory  cell  replication  induced  by  2,4-DAT 
treatment  may  be  required  for  mutation  fixation 
to  occur.  Such  damage  effectively  increases  the 
mutation  rate  (mutants /cell /generation)  leading 
to  the  elevated  MF  (mutants /viable  phage)  ob¬ 
served  in  2,4-DAT-exposed  mice  at  90  days.  Such 
a  mechanism  could  also  be  involved  in  the 
promotion  and  progression  stages  of  carcinogen¬ 
esis  [20].  The  noncarcinogenic  isomer  2,6-DAT 
did  not  increase  the  MF  in  either  the  30-  or 
90-day  animals  at  a  treatment  dose  identical  to 
the  2,4-DAT  treatment  dose.  Thus,  2,6-DAT  may 
not  cause  an  increase  in  DNA  damage  in  mouse 
liver  and  may  only  show  a  mutagenic  response  in 
vitro.  However,  since  the  proliferative  effect  has 
not  been  observed  in  2,6-DAT-exposed  animals 
[4],  it  is  also  conceivable  that  DNA  damage  may 
have  been  induced  in  the  liver  by  2,6-DAT 
exposure  but  that  such  damage  was  repaired  in 
the  absence  of  cellular  replication,  with  a  corre¬ 
sponding  reduction  of  the  MF  to  background 
levels. 

Data  presented  in  this  overview  indicate  a 
positive  association  between  increased  cell  prolif¬ 
eration  and  hepatocarcinogenesis,  and  point  out 
the  value  of  performing  mechanistic  studies  such 
as  cell  proliferation  assays  in  conjunction  with 
short-term  tests  for  explanation  of  the  results  of 
NTP  bioassays.  Mechanistic  studies  such  as  cell 
proliferation  assays  may  also  aid  in  the  selection 
of  doses  for  future  bioassays  and  in  the  process 
of  human  risk  assessment  in  the  use  of  the  NTP 
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bioassay  data.  Though  some  nonmutagenic 
chemicals  induce  increased  tumor  incidences  and 
are  also  associated  with  increased  cell  prolifer¬ 
ation,  we  do  not  intend  to  infer  that  cell  prolifer¬ 
ation  alone  is  sufficient  to  induce  an  increased 
incidence  of  tumors.  Numerous  chemicals  have 
been  shown  to  induce  sustained  cell  proliferation 
in  the  absence  of  an  increased  tumor  incidence 

[24] .  Based  on  the  data  from  our  laboratory,  it  is 
our  hypothesis  that  whereas  cell  proliferation 
may  not  be  sufficient  to  induce  carcinogenesis,  it 
creates  a  favorable  environment  for  tumor  de¬ 
velopment.  It  is  this  favorable  environment 
which  permits  the  manifestations  of  the  muta¬ 
genic  activity  of  any  chemical  that  may  be 
present  either  in  the  form  of  the  chemical  ad¬ 
ministered,  one  or  more  of  its  metabolites  or  as 
other  naturally  occurring  or  foreign  chemical(s). 
It  is  clear  from  data  presented  here  that  mech¬ 
anistic  studies  to  understand  the  relationship  of 
sex,  species  and  dose  in  rodent  carcinogenicity 
assays  of  chemicals  is  critical  for  the  extrapola¬ 
tion  of  such  data  for  human  health  assessments 

[25] . 
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Abstract 

DNA  replication  does  not  have  100%  fidelity.  Consequently,  a  chemical  can  increase  the  risk  of  cancer  either  by 
directly  damaging  DNA  (genotoxic)  or  by  increasing  the  number  of  cell  replications,  or  both.  Increased  cell 
proliferation  can  be  produced  by  increasing  cell  births  (by  direct  mitogenesis  or  regeneration  following  toxicity),  or 
decreasing  cell  deaths  (by  inhibiting  apoptosis  or  differentiation).  Cell  proliferation  can  affect  the  dose-response 
curve  for  genotoxic  carcinogens  and  is  the  basis  for  carcinogenicity  by  nongenotoxic  agents.  Bladder  carcinogens 
will  be  used  to  illustrate  these  mechanisms,  and  their  implications  with  respect  to  human  risk  assessment  will  be 
presented. 

Keywords:  Cell  proliferation;  Bladder  carcinogenesis;  Sodium  saccharin;  Acetylaminofluorene;  Calculi 


1.  Introduction 

Carcinogenesis  proceeds  through  a  sequence 
of  genetic  alterations  [1-3].  In  addition,  there  are 
multiple  genetic  and  nongenetic  mechanisms  for 
altering  susceptibility  to  carcinogenesis.  Further¬ 
more,  DNA  replication  does  not  have  100% 
fidelity,  although,  fortunately  for  our  survival, 
the  rate  of  mistakes  per  cell  division  is  extremely 
small.  Although  the  error  rate  is  not  precisely 
known,  it  has  been  estimated  at  approximately 
one  mistake  per  10 10  nucleotides  per  cell  divi¬ 
sion.  It  is  also  critical  that  the  genetic  alterations 
occur  in  the  pluripotential  (stem)  cell  population 
of  a  target  tissue.  Genetic  alterations  to  cells  that 
are  already  in  the  process  of  differentiation  are 
essentially  committed  along  a  pathway  to  cell 
death. 

There  are  only  two  basic  means  by  which  an 
agent  can  alter  the  rate  of  carcinogenesis  in  a 
given  cell  population  [1-3].  To  increase  the  risk 


of  cancer,  an  agent  can  either  increase  the  rate  at 
which  mistakes  occur  in  DNA  replication  during 
each  cell  division  or  an  agent  can  increase  the 
number  of  cell  divisions  in  the  target  pluripoten¬ 
tial  cell  population.  Of  course,  an  agent  can  do 
both.  Agents  which  alter  the  rate  of  DNA 
damage  per  cell  division  are  genotoxic,  and  most 
such  agents  at  sufficiently  high  doses  also  in¬ 
crease  the  number  of  cell  divisions.  Agents  which 
only  increase  the  number  of  cell  divisions  with¬ 
out  affecting  the  rate  of  DNA  damage  per  cell 
division  are  considered  nongenotoxic. 

Numerous  pathways  for  the  metabolic  activa¬ 
tion  of  chemicals  have  been  identified  which 
result  in  the  production  of  DNA  adducts  [4], 
These  pathways  include  a  variety  of  enzymatic 
functions  of  the  various  P450  isozymes,  but  can 
also  involve  a  variety  of  other  enzymes  including 
prostaglandin  H  synthase,  various  peroxidases 
and  oxidases,  glutathione  transferases,  and  many 
others.  Some  DNA  adducts  can  produce  muta- 
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tions.  If  the  mutation  happens  to  occur  in  a  gene 
required  for  the  development  of  cancer,  the  risk 
of  cancer  is  increased.  DNA  adducts  also  can  be 
repaired  [5];  however,  the  risk  of  cancer  is  only 
increased  if  mutation  occurs. 

Some  of  the  reasons  for  the  lack  of  100% 
fidelity  during  DNA  replication  have  begun  to  be 
identified  (Table  1).  Some  of  these  result  from 
formation  of  endogenous  DNA  adducts,  most  of 
which  are  repaired;  some  do  not  produce  a  very 
high  rate  of  mutation.  It  is  only  if  the  lesion  is 
not  repaired  and  leads  to  mutation  in  a  gene 
required  for  the  development  of  cancer  that  the 
risk  is  increased. 

Whether  the  defect  is  caused  by  an  endogen¬ 
ous  process  or  due  to  exogenous  exposure 
producing  DNA  damage,  DNA  replication  is 
required  to  fix  the  genetic  mistake  permanently 
[1-3].  Thus,  DNA  replication  not  only  provides 
more  opportunities  for  mistakes  to  happen,  but 
fixes  those  that  do  occur  into  a  permanent 
alteration  in  the  genome.  It  is  this  increase  in  the 
number  of  DNA  replications  that  leads  to  an 
increased  risk  of  cancer  over  the  lifetime  of  the 
organism. 

It  is  essential  to  note  that  it  is  an  increase  in 
the  number  of  DNA  replications  that  is  of  critical 
importance,  not  necessarily  the  rate  at  which 
they  happen  [1-3,6].  The  formula  for  the  labeling 
index  is  as  follows: 


Labeling  index  = 

Number  of  cells  undergoing  DNA  replication 
Total  number  of  cells 

(1) 

Since  the  key  component  is  number  of  replica¬ 
tions,  it  can  be  rewritten  as  follows: 


Table  1 

Endogenous  factors 

Replication  errors  (mismatch  repair) 

Oxidative  damage 

Depurination  (depyrimidination) 

Deamination 

Inappropriate  alkylation 

Nitric  oxide 

Exocyclic  adducts 

Gratuitous  DNA  turnover 


Total  number  of  DNA  replications 

-  Labeling  index  X  Total  number  of  cells 

(2) 

Thus,  the  total  number  of  cell  divisions  can  be 
increased  by  either  increasing  the  labeling  index 
or  increasing  the  total  number  of  cells.  Most 
commonly,  both  of  these  parameters  are  in¬ 
creased,  as  in  hyperplasia,  multiplying  the  effect. 

Occasionally  an  apparent  discrepancy  in  the 
relationship  of  cell  proliferation  and  carcinogen¬ 
esis  is  found,  but  can  be  readily  explained  in 
terms  of  this  formula.  For  example,  monuron 
produces  severe  hepatocellular  and  generalized 
toxicity  in  mice,  with  an  apparent  increase  in  the 
proliferation  rate  of  the  liver,  but  is  not  car¬ 
cinogenic  [2,3].  The  toxicity  is  so  severe  that  the 
total  size  of  the  liver  is  approximately  one-half 
that  of  the  controls.  Since  the  total  number  of 
hepatocytes  is  approximately  one-half,  the  label¬ 
ing  index  would  need  to  be  increased  twofold 
just  to  produce  a  total  number  of  cell  divisions 
equal  to  the  control  level. 

Administration  of  the  peroxisome  proliferator, 
diethylhexylphthalate  (DEHP)  produces  only  a 
transient  increase  in  labeling  index  in  the  liver, 
and  yet  is  a  weak  hepatocellular  carcinogen  [2,3]. 
It  has  been  inferred  that  a  persistent  increase  in 
cell  proliferation  has  not  occurred.  However,  the 
total  number  of  hepatocytes  increases  following 
DEHP  administration;  thus,  the  total  number  of 
cell  divisions  is  increased.  Furthermore,  DEHP 
appears  to  have  a  selective  proliferative  advan¬ 
tage  for  cells  which  have  already  undergone  one 
of  the  genetic  alterations  leading  to  cancer,  and 
this  has  a  greater  effect  than  simply  affecting 
normal  hepatocytes. 

Just  as  there  are  numerous  pathways  to 
produce  DNA  adducts  and  ultimately  mutations, 
there  are  multiple  pathways  by  which  the  num¬ 
ber  of  DNA  replications  can  be  increased  [2,6]. 
Essentially,  they  can  be  classified  into  two  gener¬ 
al  groups  of  effects:  those  which  increase  the 
number  of  cell  births  and  those  that  decrease  the 
number  of  cell  deaths.  An  increase  in  cell  births 
can  be  produced  by  either  a  direct  mitogenic 
effect  or  by  cell  toxicity  with  regenerative  hy- 
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perplasia.  Direct  mitogenicity  usually  involves  a 
hormonal  or  growth  factor  interaction  with  a 
specific  cell  receptor  and  usually  requires  low 
doses.  Cytotoxicity  can  be  produced  by  a  variety 
of  mechanisms,  including  damage  to  cell  mem¬ 
branes,  cytoplasmic  or  nuclear  components,  as 
well  as  DNA.  If  an  adequate  amount  of  chemical 
is  not  administered  to  produce  the  toxicity,  there 
is  no  increase  in  cell  proliferation. 

A  decrease  in  cell  deaths  can  be  produced  by 
either  inhibiting  apoptosis  and/or  inhibiting  cell 
differentiation  [2,6].  Again,  the  ultimate  effect 
must  occur  in  the  stem  cell  population,  and  if 
there  is  a  blockage  in  the  percentage  of  cells  that 
either  die  or  undergo  differentiation  (which  is 
also  a  death  process),  the  number  of  cells  in  the 
stem  cell  population  increases.  Again,  referring 
to  formula  (2)  above,  although  the  labeling  index 
might  not  increase,  the  number  of  cells  in  the 
stem  cell  population  increases  and,  therefore, 
there  is  a  net  increase  in  the  number  of  replica¬ 
tions. 


2.  Genotoxic  carcinogens  -  2- 
acetylaminofluorene  (AAF) 

In  the  late  1970s,  an  experiment  was  per¬ 
formed  at  the  National  Center  for  Toxicological 
Research  utilizing  a  large  number  of  mice  to 
detect  a  statistically  significant  increase  in  tumor 
incidence  of  1%  [7].  AAF  was  administered  in 
the  diet  at  doses  ranging  from  30  ppm  to  150 
ppm  extending  for  33  months,  inducing  tumors  of 
the  liver  and  bladder.  The  incidence  of  liver 
tumors  had  an  apparent  linearity,  whereas  the 
bladder  had  an  apparent  no-effect  level  below  60 
ppm.  This  provided  an  enigma  regarding  inter¬ 
pretation  of  low-dose  extrapolation  for  genotoxic 
carcinogens,  which  was  compounded  when  Be- 
land  and  associates  [8]  demonstrated  that  the 
steady  state  DNA  adduct  levels  for  AAF  in  liver 
and  bladder  were  linear  to  doses  as  low  as  5 
ppm,  with  the  number  of  adducts  actually  greater 
per  unit  of  DNA  in  the  bladder  than  in  the  liver. 
One  interpretation  is  that  the  DNA  adducts  are 
irrelevant  to  carcinogenesis.  This  is  highly  unlike¬ 
ly  since  there  is  considerable  research  demon¬ 


strating  that  DNA  adducts  are  germane  to  the 
carcinogenic  process  by  inducing  mutations. 

In  the  mouse  liver,  hepatocytes  replicate  at  a 
relatively  slow  rate,  and  the  doses  used  in  the 
ED01 -study  did  not  increase  either  their  rate  of 
proliferation  or  number  [9].  However,  AAF  in 
the  liver  is  metabolized  by  N-hydroxylation  fol¬ 
lowed  by  sulfation,  which  leads  to  a  reactive 
electrophile  and  the  formation  of  mutagenic,  C-8 
guanine  adducts.  N-hydroxylation  occurs  in  nor¬ 
mal  hepatocytes  but  not  in  hepatocytes  which 
have  already  undergone  at  least  one  of  the  steps 
toward  the  carcinogenic  process.  Thus,  the  rate 
of  DNA  damage  is  affected  only  in  normal  cells, 
and  cell  proliferation  indices  remain  at  normal 
levels.  It  is  not  too  surprising  that  tumor  forma¬ 
tion  is  approximately  linear. 

Following  N-hydroxylation,  in  addition  to 
sulfation,  the  liver  can  also  N-glucuronidate  the 
amine,  which  is  excreted  in  the  urine  and  hydro¬ 
lyzed  to  the  free  hydroxylamine.  The  latter  can 
interact  with  the  DNA  of  any  cell,  whether 
normal,  intermediate  or  tumor  urothelial  cells. 
Similar  to  the  normal  mouse  liver,  the  normal 
mouse  bladder  epithelium  undergoes  replication 
at  a  low  rate,  turning  over  approximately  every 
100-200  days.  In  addition,  there  are  considerably 
fewer  bladder  epithelial  cells  than  there  are 
hepatocytes.  At  doses  below  60  ppm,  AAF  does 
not  increase  the  number  or  rate  of  proliferation 
in  these  bladder  cells.  However,  at  60  ppm  and 
above,  hyperplasia  is  induced,  which  represents 
an  increase  in  the  number  of  bladder  epithelial 
cells  and  an  increased  rate  of  cell  division, 
resulting  in  a  marked  increase  in  the  number  of 
DNA  replications.  This  increased  number  of 
DNA  replications  provides  an  increased  number 
of  targets  for  the  AAF  reactive  metabolites  as 
well  as  an  increased  number  of  cycles  in  which 
the  mutations  can  be  fixed  irreversibly.  At  doses 
of  60  ppm  and  above  there  is  a  detectable 
increase  in  the  incidence  of  bladder  tumors  in 
mice  treated  with  AAF.  At  doses  below  60  ppm, 
there  is  likely  to  be  an  increase  in  bladder  tumor 
incidence  since  there  are  DNA  adducts  formed, 
but  the  increased  incidence  is  less  than  the  1% 
detection  limit  of  the  experiment.  The  car¬ 
cinogenicity  of  AAF  in  the  bladder  is  not  depen- 
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dent  on  an  increased  cell  proliferation  rate,  but 
the  dose-response  for  tumor  incidence  is  greatly 
affected  by  the  rate  of  replication.  A  similar 
effect  is  seen  in  the  liver,  but  only  at  higher  doses 
than  those  used  in  the  ED01 -experiment. 

3.  Nongenotoxic  bladder  carcinogens 

For  chemicals  such  as  AAF,  DNA  adduct 
formation  can  be  detected  at  considerably  lower 
doses  than  an  increased  tumor  incidence,  sug¬ 
gesting  that  there  is  a  potential  carcinogenic 
effect  even  at  very  low  doses.  This  has  given  rise 
to  the  concept  of  a  no-threshold  phenomenon  for 
carcinogens.  This  is  a  possibility  for  genotoxic 
carcinogens  [1-3]. 

In  contrast,  nongenotoxic  carcinogens,  espe¬ 
cially  those  not  acting  through  a  specific  cell 
receptor,  can  have  a  true  biologic  threshold  [1- 
3],  Many  forms  of  cell  toxicity  are  particularly 
well  known  that  involve  threshold  phenomena. 
Since  the  toxicity  frequently  is  required  for 
induction  of  regenerative  hyperplasia,  the  car¬ 
cinogenic  process  also  must  be  a  threshold  phe¬ 
nomenon. 

The  most  frequent  cause  of  toxicity  and  con¬ 
sequent  regenerative  hyperplasia  and  carcino¬ 
genesis  in  the  bladder  is  formation  of  urinary 
calculi  [2,3,11].  Numerous  chemicals  have  been 
identified  that  can  produce  urinary  tract  calculi, 
and  many  of  these  are  urinary  tract  carcinogens 
in  rodents  (Table  2).  The  rate  of  tumor  forma¬ 
tion  appears  to  be  related  to  the  coarseness  of 
the  calculus  or  implanted  pellet  and  to  the  extent 


of  trauma  to  the  urothelium  and  consequent 
regenerative  hyperplasia  [10]. 

If  adequate  amounts  of  the  administered 
chemical  and/or  a  metabolite  result  in  the  forma¬ 
tion  of  calculi,  regenerative  hyperplasia  and 
tumors  occur  [2,3].  Many  of  the  substances 
(Table  2)  that  produce  urinary  tract  calculi  are 
actually  essential  for  cellular  and  organismal 
viability,  such  as  calcium,  uracil,  and  others. 
Alterations  of  normal  physiology  can  also 
produce  calculi,  as  occurs  with  various  forms  of 
hyperoxalosis  or  surgical  portacaval  shunt  forma¬ 
tion  in  rats.  The  latter  produces  an  alteration  in 
uric  acid  metabolism  and  ultimately  urinary  tract 
calculi  and  tumors.  Of  greatest  significance  is  the 
fact  that  a  critical  amount  of  the  chemical  is 
needed  for  the  precipitation  to  occur  in  the 
urine.  The  amount  needed  can  be  greatly  modi¬ 
fied  by  other  urinary  components  so  that  there  is 
frequently  a  supersaturated  solution  present  be¬ 
fore  there  is  actually  precipitate  formation.  If  the 
dose  of  the  administered  chemical  does  not 
produce  a  urinary  concentration  critical  for  the 
production  of  a  calculus,  no  calculus  will  form, 
there  is  no  toxicity,  no  regenerative  hyperplasia, 
and  no  tumors.  Obviously,  this  is  a  true  threshold 
phenomenon  based  on  chemical  and  physiologi¬ 
cal  principles. 

There  is  some  evidence  that  the  presence  of 
urinary  tract  calculi  in  humans  also  increases  the 
incidence  of  bladder  tumors,  particularly  squam¬ 
ous  cell  carcinomas  [12].  However,  the  rate  is  low 
since  calculi  in  the  human  urinary  tract  frequent¬ 
ly  are  either  spontaneously  voided  or  cause 
obstruction,  resulting  in  excruciating  pain  and 


Table  2 


Chemicals  administered  at  high  doses  in  the  diet  which  lead  to  urinary  calculi  in  rodents 


Uracil 

Acetazolamide 

Melamine 

Terephthalic  acid 

Fosetyl-al 

Dimethyl  terephthalate 

Biphenyl 

Nitrilotriacetate 

Glycine 

Polyoxyethylene  /3-stearate 

Orotic  acid 

Diethylene  glycol 

Oxamide 

Calcium  oxalate 

Calcium  phosphate 

Uric  acid 

Homocysteine 

4-Ethylsulfonylnaphthalene- 1  -sulfonamide 
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rapid  removal  by  an  urologist.  Nevertheless, 
quite  large  quantities  of  most  chemicals  are 
required  before  there  is  calculus  formation.  If 
human  exposure  is  well  below  the  amounts 
needed  for  formation  of  the  calculus,  there  is  no 
human  carcinogenic  risk  [2,3,11]. 

A  subtler  form  of  a  similar  phenomenon 
results  from  the  administration  of  sodium  sac¬ 
charin  or  related  salts  to  rats  [13,14].  This  ap¬ 
pears  to  be  not  only  a  high  dose  phenomenon, 
but  also  is  species  specific.  In  the  rat,  there  are  a 
combination  of  critical  factors  generated  in  the 
urine  when  administered  high  doses  of  sodium 
salts  which  produces  an  amorphous  urinary  pre¬ 
cipitate  which  is  cytotoxic  to  urothelial  cells  and 
is  composed  predominantly  of  calcium  and  phos¬ 
phate.  The  critical  factors  include  high  urinary 
concentrations  of  calcium  and  phosphate  as  well 
as  a  pH  above  approximately  6.5,  high  concen¬ 
trations  of  urinary  protein,  and  possibly  high 
concentrations  of  mucopolysaccharides  and  other 
substances  in  the  urine  which  may  contribute  to 
the  formation  of  the  precipitate.  In  the  rat,  there 
are  extremely  high  levels  of  protein,  with  the 
concentration  approximately  twice  as  high  in 
males  compared  to  females  because  of  the  pres¬ 
ence  of  «2U "globulin  after  the  age  of  approxi¬ 
mately  6  weeks.  The  differences  in  urinary  pro¬ 
tein  between  males  and  females  can  readily 
explain  the  differences  in  both  the  proliferative 
and  tumorigenic  response  to  sodium  saccharin. 
The  importance  of  urinary  protein  can  be  seen 
by  the  decreased  responsiveness  to  sodium  sac¬ 
charin  and  sodium  ascorbate  in  NBR  rats  [15], 
which  are  without  the  high  concentrations  of 
a2 u-globulin  in  male  rat  urine,  and  in  anal- 
buminemic  rats,  which  are  without  the  high 
concentrations  of  albumin  in  male  or  female  rat 
urine  [16].  Also  present  are  high  concentrations 
of  urinary  calcium  and  phosphate,  which  increase 
following  administration  of  high  doses  of  sodium 
saccharin  or  other  sodium  salts,  despite  an  over¬ 
all  dilution  of  the  urine  [17]. 

Mice  have  similar  levels  and  types  of  protein 
as  do  rats,  and  yet  do  not  respond  with  prolifer¬ 
ation  or  tumors  following  administration  of  high 
doses  of  sodium  saccharin  [13,17].  This  appears 


to  be  due  to  the  fact  that  the  urinary  calcium  and 
phosphate  levels  in  mice  are  approximately  10- 
and  twofold  lower  than  in  rats,  respectively,  and 
the  concentrations  decrease  along  with  the  over¬ 
all  dilution  of  the  urine  following  consumption  of 
high  levels  of  sodium  salts  [17]. 

The  importance  of  pH  can  be  demonstrated  by 
treatments  that  produce  acidification  of  the 
urine,  such  as  coadministration  with  ammonium 
chloride  or  administration  of  the  sodium  salt  in 
AIN-76  A  diet  [13].  Either  treatment  produces  a 
urinary  pH  below  six  and  inhibition  of  the 
proliferative  or  tumorigenic  effects  of  sodium 
salts. 

Similar  results  are  seen  with  high  doses  of 
nearly  any  sodium  salt  [13,14].  As  can  be  seen  in 
Table  3,  except  for  saccharin,  all  are  natural 
compounds,  many  of  which  are  essential  for 
survival  and  most  of  which  are  formed  endoge¬ 
nously  as  well  as  being  available  exogenously  in 
the  diet.  Of  critical  importance  is  the  need  for 
extremely  high  doses  of  the  salts  even  in  the  rat, 
with  a  no-effect  level  in  the  male  rat  of  approxi¬ 
mately  1%  of  the  diet.  Most  importantly  is  the 
apparent  species  specificity  of  this  effect;  the  only 
species  that  responds  is  the  rat.  Not  only  is  the 
mouse  refractive  to  urothelial  effects  following 
administration  of  high  doses  of  sodium  salts,  but 
no  urothelial  effect  has  been  seen  in  other 
species,  such  as  hamster,  guinea  pig,  and  mon¬ 
key.  Recently,  monkeys  treated  with  sodium 
saccharin  for  greater  than  20  years  have  been 
sacrificed,  and  were  found  to  have  no  prolifer¬ 
ative  or  tumorigenic  effects  in  any  tissue,  includ¬ 
ing  the  urothelium  [18].  Monkeys  also  do  not 
form  the  amorphous  urinary  precipitate,  pre- 

Table  3 

Sodium  salts  which  produce  urothelial  hyperplasia  and  in¬ 
crease  bladder  carcinogenesis  when  fed  at  high  doses  to  male 
rats 


Saccharin 

Ascorbate 

Glutamate 

Aspartate 

Citrate 

Erythorbate 

Succinate 

Phytate 

Phosphate 

Bicarbonate 

Chloride 
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sumably  because  of  the  low  levels  of  protein  in 
the  urine  [1-3,13]. 

In  humans  there  is  no  evidence  of  the  forma¬ 
tion  of  amorphous  urinary  precipitate,  and  epi¬ 
demiologic  evidence  shows  no-effect  in  the  urin¬ 
ary  tract  of  humans,  either  proliferative  or 
tumorigenic  [13]. 

4.  Interaction  of  genotoxicity  and  cell 
proliferation 

For  a  genotoxic  chemical,  such  as  AAF,  if 
administered  at  sufficiently  high  doses,  there  is 
both  a  genotoxic  effect  as  well  as  a  proliferative 
effect  [1-3].  This  frequently  leads  to  a  synergistic 
increase  in  tumorigenicity.  This  has  been  ob¬ 
served  for  a  wide  variety  of  chemicals  in  several 
target  organs,  such  as  diethylnitrosamine  in  liver 
and  formaldehyde  in  nasal  passages.  Of  critical 
importance  in  humans  are  simultaneous  expo¬ 
sures  to  a  variety  of  chemicals  at  various  levels 
with  different  effects.  A  beginning  has  been 
made  in  evaluating  such  interactions. 

In  studies  on  urinary  bladder  cancer,  adminis¬ 
tration  of  A-[4-(5-nitro-2-furyl)-2-thiazolyl]for- 
mamide  (FANFT),  a  classic,  genotoxic  nitro- 
furan,  produces  a  100%  incidence  of  tumors  at 
high  doses,  but  produces  no  detectable  tumor 
incidence  at  doses  below  0.01%  of  the  diet  [19]. 
Nevertheless,  at  lower  doses,  there  presumably 
are  DNA  adducts  formed  although  there  is  not 
an  increased  proliferative  effect  as  seen  at  higher 
doses.  If  a  very  low  dose  of  FANFT  (0.005%)  is 
administered  simultaneously  with  another  agent 
which  increases  cell  proliferation,  such  as  high 
doses  of  sodium  saccharin  (5%  of  the  diet),  a 
significant  incidence  of  bladder  tumors  are  pro¬ 
duced.  Thus,  an  interaction  between  genotoxicity 
and  increased  cell  proliferation,  whether  pro¬ 
duced  by  high  doses  of  a  genotoxic  chemical  or 
by  administration  of  low  doses  of  a  genotoxic 
chemical  with  a  nongenotoxic  chemical,  can  lead 
to  a  detectable  incidence  of  bladder  tumors. 

There  is  also  a  suggestion  of  a  similar  response 
in  humans  when  multiple  chemicals  with  differ¬ 
ent  effects  are  administered.  For  example, 
cigarette  smoke  contains  a  small  quantity  (nano¬ 
grams)  of  aromatic  amines,  such  as  4-amino- 


biphenyl,  a  known  human  bladder  carcinogen 
[20].  Based  on  previous  exposure  records  in 
humans  as  well  as  animal  experiments,  this  is  an 
inadequate  dose  for  producing  a  detectable  inci¬ 
dence  of  bladder  tumors,  although  cigarette 
smoking  is  the  major  etiologic  factor  in  bladder 
tumor  formation  in  humans  in  the  United  States, 
especially  in  males.  Nevertheless,  cigarette 
smoke  also  contains  other  chemicals,  which  have 
not  yet  been  identified,  which  increase  the  prolif¬ 
eration  of  the  bladder  epithelium.  The  combina¬ 
tion  of  genotoxicity  by  low  doses  of  aromatic 
amines  combined  with  the  cell  proliferative  ef¬ 
fects  resulting  from  other  agents  in  cigarette 
smoke  can  readily  lead  to  the  formation  of  a 
detectable  incidence  of  bladder  tumors,  similar 
to  the  combination  of  FANFT  and  sodium  sac¬ 
charin  in  the  rat. 

5.  Implications  for  risk  assessment 

Based  on  the  above  discussion  and  examples, 
chemicals  can  broadly  be  divided  into  genotoxic 
and  nongenotoxic  agents  [1-3].  Nongenotoxic 
agents  can  be  further  divided  into  those  that 
react  through  specific  cell  receptors  and  those 
that  act  through  nonspecific  means.  For  genotox¬ 
ic  chemicals,  although  the  dose  response  may 
extend  down  to  very  low  levels,  and  may  actually 
involve  a  nonthreshold  phenomenon,  the  dose- 
response  for  tumor  incidence  can  be  greatly 
affected  by  cell  proliferative  phenomenon  as 
demonstrated  for  the  bladder  in  the  ED0] -study 
in  mice.  For  nongenotoxic  chemicals,  particularly 
those  acting  by  nonreceptor  mechanisms,  there 
will  usually  (if  not  always)  be  a  threshold  phe¬ 
nomenon  involved,  frequently  associated  with 
toxicity.  This  does  not  mean  that  all  toxicides 
will  produce  tumors,  as  there  are  numerous  types 
of  toxicity  that  do  not  affect  cell  proliferation, 
especially  in  stem  cell  populations.  It  is  only  if 
there  is  a  significant  increase  in  the  cell  prolifer¬ 
ation  of  stem  cells  that  an  increased  tumorigenic 
response  is  likely.  If  the  toxicity  involves  a 
threshold  phenomenon  then  the  tumorigenicity, 
dependent  on  the  increased  cell  proliferation  of 
regenerative  proliferation,  also  involves  a  thres¬ 
hold  phenomenon.  For  nongenotoxic  chemicals, 
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especially  if  a  threshold  mechanism  can  be  iden¬ 
tified,  such  as  for  calculus-forming  chemicals  or 
sodium  salts,  a  different  type  of  risk  assessment 
is  required  than  for  genotoxic  chemicals  when 
extrapolating  to  low  dose  human  exposures.  This 
has  been  incorporated  into  the  guidelines  of  the 
United  States  Environmental  Protection  Agency 
in  evaluating  carcinogenic  hazard  to  humans  of 
various  chemicals  based  on  rodent  bioassays. 
Although  the  rodent  bioassay  [3]  can  be  of  great 
importance  in  identifying  potential  human  car¬ 
cinogens  as  well  as  increasing  our  understanding 
of  the  carcinogenic  process,  it  must  be  under¬ 
stood  that  the  long-term  rodent  bioassay  is 
merely  a  screening  assay,  and  that  many  chemi¬ 
cals  identified  as  carcinogens  in  rodents  when 
administered  in  high  doses  will  not  be  car¬ 
cinogenic  to  humans  at  low  dose  exposures, 
especially  with  respect  to  nongenotoxic  chemi¬ 
cals.  Mechanistic  information  that  is  available 
must  be  incorporated  into  the  assessment. 
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Abstract 

Chloroform  produces  cancer  by  a  nongenotoxic-cytotoxic  mode  of  action,  with  no  increased  cancer  risk  expected 
at  noncytotoxic  doses.  The  default  risk  assessment  for  inhaled  chloroform  relies  on  liver  tumor  incidence  from  a 
gavage  study  with  female  B6C3F,  mice  and  estimates  a  virtually  safe  dose  (VSD)  at  an  airborne  concentration  of 
0.000008  ppm  of  chloroform.  In  contrast,  a  1000-fold  safety  factor  applied  to  the  NOAEL  for  liver  cytotoxicity  from 
inhalation  studies  yields  a  VSD  of  0.01  ppm.  This  estimate  relies  on  inhalation  data  and  is  more  consistent  with  the 
mode  of  action  of  chloroform. 
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Chloroform  is  a  common  environmental  pollu¬ 
tant  produced  by  some  industrial  processes  and 
in  trace  amounts  from  the  chlorination  of  drink¬ 
ing  water.  Inhalation  and  ingestion  are  the  most 
frequent  routes  of  exposure.  Chloroform  induces 
liver  cancer  in  male  and  female  B6C3FJ  mice 
when  administered  by  gavage,  kidney  cancer  in 
male,  but  not  female,  Osborne-Mendel  rats 
when  given  by  gavage  or  in  the  drinking  water, 
and  kidney  cancer  in  male  BDF:  mice,  but  not 
female  BDFj  mice  or  either  sex  of  F-344  rat 
when  administered  by  inhalation  [1-3]. 

Many  carcinogens  induce  cancer  by  reacting 
with  DNA  to  produce  mutations  in  growth 
control  genes  [4].  Risk  assessments  for  such 
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genotoxic  agents  are  very  conservative  and  as¬ 
sume  a  linear  response  even  at  vanishingly  small 
doses  [5].  In  contrast,  chloroform  appears  to  be 
acting  through  a  nongenotoxic-cytotoxic  mode  of 
action  [6]. 

Chloroform  has  been  subjected  to  a  number  of 
genotoxicity  assays,  and  a  thoughtful  evaluation 
of  these  data  requires  more  than  a  superficial 
listing  of  the  number  of  positive  and  negative 
tests.  For  example,  20  negative  Ames  mutagen¬ 
icity  studies  with  chloroform  have  been  pub¬ 
lished  in  the  literature.  An  expert  committee 
convened  by  the  International  Programme  on 
Chemical  Safety  (IPCS)  of  the  World  Health 
Organization  recently  published  a  critical  review 
in  which  they  concluded  that  neither  chloroform 
nor  its  metabolites  appear  to  interact  directly 
with  DNA  or  possess  genotoxic  activity  [7].  A 


0378-4274/95/ $09.50  ©  1995  Elsevier  Science  Ireland  Ltd.  All  rights  reserved 
SSDI  0378-4274(95)03543-T 


24 


B.E.  Butterworth  et  al.  /  Toxicology  Letters  82183  (1995)  23-26 


complication  with  evaluating  genotoxicity  studies 
is  that  the  mutagenic  effects  of  chloroform  may 
be  secondary  to  events  associated  with  cyto- 
lethality,  and  interpretation  of  genotoxic  activity 
in  vivo  must  be  done  in  light  of  the  corre¬ 
sponding  dose  response  for  induced  regenerative 
cell  proliferation.  The  consistent  negative  re¬ 
sponse  of  chloroform  in  most  genotoxicity  assays 
including  the  sensitive  Ames  bacterial  mutagen¬ 
icity  test,  mutagenicity  in  E.  coli ,  mutagenicity  in 
Chinese  hamster  V79  cells,  and  chromosome 
breakage  in  human  lymphocytes  indicates  a  lack 
of  direct  covalent  interaction  between  chloro¬ 
form  or  its  metabolites  and  DNA  [7].  A  sensitive 
target  for  chloroform-induced  cancer  is  the 
female  B6C3F1  mouse  liver  [1].  Chloroform  does 
not  induce  DNA  repair  in  vitro  or  in  vivo  in 
hepatocytes  from  female  B6C3F,  mice,  even  at 
carcinogenic  doses  [8].  The  oxidative  metabolite 
of  chloroform  is  phosgene,  which  has  been  dem¬ 
onstrated  by  chemical  trapping.  Phosgene  is 
unlikely  to  react  with  any  sites  on  DNA  because 
of  its  rapid  reactivity  with  water  to  produce 
carbon  dioxide,  hydrochloric  acid  and  water  [9]. 
Although  no  phosgene-DNA  adduct  is  readily 
plausible  under  physiological  conditions  [9],  any 
potential  adduct  that  might  form  would  be  ex¬ 
pected  to  be  of  a  size  and  type  that  would  induce 
a  DNA  repair  response  readily  detected  by  these 
assays  [10].  Chloroform  also  lacks  initiating  ac¬ 
tivity  in  initiation-promotion  assays  [7]. 

In  those  few  cases  of  reported  genotoxic  activi¬ 
ty,  there  are  concerns  with  inconsistencies  of  the 
results  with  other  findings  or  with  idiosyncrasies 
of  the  particular  system.  For  example,  chloro¬ 
form  has  been  reported  to  be  weakly  mutagenic 
in  the  mouse  lymphoma  mutagenesis  assay  [11]. 
But  results  were  inconsistent  from  one  trial  to 
the  next,  and  weak  activity  was  seen  only  at  toxic 
concentrations  where  less  than  10%  of  the  cells 
survived.  This  assay  commonly  gives  false  posi¬ 
tive  results  under  such  conditions  [12].  There  is 
one  report  of  very  weak  binding  of  I4C-labeled 
chloroform  to  DNA  in  every  tissue  examined 
including  liver,  kidneys,  lungs,  and  stomach  of 
male  Wistar  rats  and  male  Balb/c  mice  exposed 
by  intraperitoneal  injection  [13].  These  data  are 
not  consistent  with  other  DNA  binding  studies 


[14]  and  do  not  reflect  the  pattern  of  target 
organs  for  chloroform-induced  tumors.  For  ex¬ 
ample,  these  binding  data  might  suggest  multiple 
target  tissues  in  rats  and  mice.  Yet  a  recent 
chloroform  cancer  study  with  male  and  female 
F-344  rats  and  male  and  female  BDFL  mice 
produced  tumors  only  in  the  male  BDF,  mouse 
kidney,  a  site  known  to  be  very  sensitive  to  the 
cytotoxic  effects  of  chloroform  [3].  It  seems  most 
likely  that  metabolic  incorporation  of  one-carbon 
metabolites  of  chloroform  is  responsible  for  the 
small  amount  of  radioactivity  associated  with 
DNA,  rather  than  covalent  adduct  formation 
[13]. 

Critical  examination  of  both  the  genotoxicity 
data  and  patterns  of  toxicity  leads  to  the  conclu¬ 
sion  that  chloroform  produces  cancer  through  a 
nongenotoxic-cytotoxic  mode  of  action  [4,7,15— 
20],  that  is,  tumors  are  induced  secondarily  to 
events  associated  with  toxicity  and  regenerative 
cell  proliferation.  Thus  no  increased  risk  of 
cancer  would  be  expected  below  doses  that  do 
not  produce  toxicity  [6]. 

The  doses  employed  in  cancer  studies  with 
chloroform  have  been  criticized  as  being  exces¬ 
sive  and  not  relevant  to  common  environmental 
exposures.  In  every  case  of  chloroform  induced- 
cancer  examined  thus  far,  there  has  been  a 
corresponding  association  with  a  cytotoxic  re¬ 
sponse  [3,15,16,18,19].  Interestingly,  the  mouse 
liver  tumor  response  disappears  if  the  same  daily 
gavage  dose  of  chloroform  is  given  in  the  drink¬ 
ing  water  instead.  Cytotoxicity  and  regenerative 
cell  proliferation  are  seen  in  the  mouse  liver 
when  chloroform  is  given  by  gavage  but  not 
when  given  in  the  drinking  water,  suggesting  that 
tumor  formation  is  secondary  to  these  effects 
[19].  Dosimetry  studies  suggest  that  toxicity  and 
cancer  are  not  observed  when  chloroform  is 
given  in  the  drinking  water  because  the  com¬ 
pound  is  not  delivered  to  the  liver  or  converted 
to  toxic  metabolites  at  a  rate  sufficient  to  kill 
hepatocytes. 

Complete  loss  of  carcinogenic  activity  by  sim¬ 
ply  changing  the  vehicle  and  dose  rate,  as  was 
seen  in  the  gavage  vs.  drinking  water  studies, 
would  not  be  expected  of  a  mutagenic  car¬ 
cinogen.  It  must  be  remembered  that  the  mice  in 
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the  drinking  water  study  were  exposed  chronical¬ 
ly  to  massive  amounts  of  chloroform.  Were 
chloroform  directly  mutagenic,  irreversible  muta¬ 
tions  would  accumulate  even  if  they  were  formed 
at  a  slower  rate,  as  is  the  case  for  mutagens  and 
radiation.  Lack  of  a  carcinogenic  response  in  the 
drinking  water  study  is,  perhaps,  the  strongest 
evidence  of  all  that  chloroform  is  not  a  directly 
genotoxic  carcinogen. 

An  Osborne-Mendel  male  rat  kidney  tumor 
response  was  seen  when  chloroform  was  given  in 
the  drinking  water,  but  only  at  the  highest 
concentration  of  1800000  ppb,  which  also  re¬ 
sulted  in  a  60%  decrease  in  water  consumption 
and  a  25%  loss  in  body  weight  [2].  The  nutrition¬ 
al  status  of  this  high-dose  group  was  uncertain, 
and  the  validity  of  extrapolation  of  the  tumor 
response  to  lower  doses  is  questionable. 

Chloroform  administered  to  B6C3FJ  mice  and 
F-344  rats  by  inhalation  for  up  to  90  days 
produced  concentration-dependent  responses  for 
toxicity  and  regenerative  cell  proliferation  that 
are  consistent  with  and  predictive  of  the  patterns 
of  induced  tumors  in  a  recently  completed  2-year 
chloroform  inhalation  study  [3,21,22].  Chloro¬ 
form  also  produces  toxicity  and  cell  proliferation 
in  the  nasal  turbinates  of  rats  and  mice,  but  these 
lesions  do  not  progress  to  cancer  [3,22,23]. 

Integration  of  the  above  data  with  knowledge 
of  dosimetry  yields  a  cohesive  explanation  of  the 
patterns  of  chloroform-induced  cancer  that  is 
appropriate  to  each  route  of  administration  and 
consistent  with  a  nongenotoxic-cytotoxic  mode  of 
action.  Chloroform  serves  as  an  example  for 
formulating  appropriate  risk  assessments  for  car¬ 
cinogens  acting  through  a  nongenotoxic-cytotox¬ 
ic  mode  of  action.  Quantitative  linking  of 
dosimetry,  cytolethality,  regenerative  cell  prolif¬ 
eration,  and  tumor  formation  provides  a  frame¬ 
work  for  testing  potential  cause-and-effect  rela¬ 
tionships  and  for  deriving  appropriate  risk  as¬ 
sessments.  The  United  States  Environmental 
Protection  Agency  currently  uses  the  linearized 
multistage  model  applied  to  the  B6C3Fj  mouse 
liver  tumor  data  from  the  chloroform  gavage 
study  to  estimate  a  virtually  safe  dose  (VSD)  as 
an  increased  lifetime  risk  of  cancer  of  one  in  a 
million.  The  resulting  value  is  an  airborne  expo¬ 


sure  concentration  of  0.000008  ppm  (0.04  /xgl 
m3)  [24,25].  Assuming  that  chloroform-induced 
female  mouse  liver  cancer  is  secondary  to  events 
associated  with  necrosis  and  regenerative  cell 
proliferation,  then  no  increases  in  liver  cancer  in 
female  mice  would  be  predicted  at  the  no-ob¬ 
served-adverse-effect-level  (NOAEL)  of  10  ppm 
or  below,  based  on  the  90-day  inhalation  toxicity 
and  cell  proliferation  study  [21,22].  Applying  an 
uncertainty  factor  of  1000  yields  an  estimate  of  a 
VSD  at  an  airborne  concentration  of  0.01  ppm. 
This  estimate  relies  on  inhalation  data  and  is 
more  consistent  with  the  mode  of  action  of 
chloroform. 

The  IPCS  expert  committee  endorsed  this 
approach  for  chloroform  risk  assessments  in 
cases  where  the  critical  supporting  data  were 
available,  and  used  the  same  approach  and  safety 
factor  as  noted  above  to  calculate  the  VSD  or 
tolerable  daily  intake  for  orally  administered 
chloroform  [7].  The  substantial  difference  in  the 
VSD  values  for  airborne  chloroform  of  0.000008 
vs.  0.01  ppm  relates  to  the  use  of  conservative 
default  assumptions  applied  in  the  absence  of 
specific  scientific  information.  The  replacement 
of  these  default  assumptions  is  consistent  with 
the  recommendations  of  the  National  Academy 
of  Sciences /National  Research  Council  commit¬ 
tee  report  that  revisited  EPA’s  approach  to 
assessing  cancer  risk  of  hazardous  air  pollutants 
[26].  In  addition,  the  International  Agency  for 
Research  on  Cancer  (IARC)  also  recently  endo¬ 
rsed  the  use  of  mechanistic  data  to  refine  risk 
assessments  and  replace  default  assumptions  for 
experimental  carcinogens  [27]. 
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Abstract 

Hepatocarcinogenesis  in  rodents  is  characterized  by  the  early  appearance  of  foci  of  enzyme-altered  (initiated) 
cells  which  are  believed  to  represent  precursors  on  the  way  to  malignancy.  Proliferation  of  cells  within  enzyme- 
altered  liver  foci  is  generally  increased  as  compared  to  surrounding  normal  hepatocytes.  This  may  be  mediated  by 
changes  in  the  rates  of  cell  division  and/or  cell  death  (apoptosis).  Cell  proliferation  is  controlled  by  complex 
signaling  networks  and  may  be  modulated  by  xenobiotics.  In  mouse  -  but  not  rat  or  human  -  liver,  mutation  of  the 
Ha -ras  gene  appears  to  represent  a  critical  genetic  alteration  which  may  confer  a  selective  growth  advantage  to  the 
mutated  cells.  Exogenous  tumor-promoting  agents  may  stimulate  cell  division  and  depress  apoptosis  of  preneoplas¬ 
tic  hepatocytes,  thereby  increasing  the  probability  of  cancer.  By  means  of  histochemical  methods,  data  on  the 
frequencies  of  both  cell  division  and  cell  death  can  be  collected  separately  and  utilized  for  estimation  of  promoter 
efficacy.  In  addition,  quantitative  stereology  may  be  applied  to  the  analysis  of  the  size  distribution  of  enzyme- 
altered  foci  and  used  for  modeling  of  hepatocarcinogenesis. 

Keywords:  Hepatocarcinogenesis;  Cell  proliferation;  Apoptosis;  ras  mutations;  Dioxins;  TCDD 


1.  Introduction 

The  term  cell  proliferation  is  frequently  used 
synonymously  with  cell  division.  Strictly  speak¬ 
ing,  however,  this  is  not  correct:  proliferation 
denotes  an  increase  in  cell  number,  which  may 
be  mediated  by  changes  in  the  rate  of  cell 
division,  or  in  the  rate  of  cell  death,  or  both. 
During  multi-stage  carcinogenesis  cell  prolifer¬ 
ation  is  one  of  the  key  determinators  of  the 
velocity  of  the  process.  Increases  in  cell  division 
rates  are  associated  with  enhanced  frequencies  of 
spontaneous  and  carcinogen-induced  mutations 
which,  if  critical  cell  regulatory  genes  are  affect- 
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ed,  increases  the  risk  of  cancer.  At  least  as 
important  are  the  kinetics  of  multiplication  of 
‘initiated’  tumor  precursor  cells  at  the  inter¬ 
mediate  stages  of  the  carcinogenic  process  [1] 
(Fig.  1).  Proteins  inappropriately  activated  or 
inactivated  as  a  consequence  of  mutation  of  their 
genes  during  initiation  may  permanently  acceler¬ 
ate  the  proliferation  of  ‘initiated’  cells  and  their 
descendents  by  interfering  with  cellular  control 
mechanisms  of  cycle  time  and  time  to  natural 
death.  Exogenous  tumor-promoting  agents  may 
stimulate  the  proliferation  of  ‘initiated’  cells  by 
mechanisms  not  principally  different  in  nature. 
In  our  paper  we  will  briefly  describe  the  rodent 
liver  system  and  deal  with  the  effects  of  endogen¬ 
ous  and  exogenous  factors  capable  of  modifiying 
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cell  death 

Fig.  1.  Two-stage  model  of  carcinogenesis  (modified  from 
[!])• 


the  proliferation  of  initiated  cells  in  this  system. 
Finally,  some  considerations  regarding  the  cate¬ 
gorization  of  carcinogens  into  ‘initiators’  and 
‘promoters4  will  be  made. 

2.  Enzyme-altered  foci  (EAF)  as  early  markers 
of  hepatocarcinogenesis 

The  rodent  liver  offers  an  excellent  experimen¬ 
tal  model  to  study  the  effects  of  xenobiotics  on 
the  proliferation  of  tumor  precursor  populations. 
Foci  of  hepatocytes  characterized  by  alterations 
in  the  expression  and  activity  of  certain  enzymes, 
such  as  adenosine  triphosphatase,  y- 
glutamyltranspeptidase  and  glutathione  5-trans¬ 
ferase  P  (GST-P),  occur  shortly  after  treatment 
of  rodents  with  carcinogens  (for  a  review  see 
[2]).  There  is  accumulating  evidence  to  suggest 
that  at  least  some  of  the  EAF  represent  pre¬ 
cursor  lesions  which  are  causally  related  to  the 
carcinogenic  process  in  liver.  Some  important 
features  of  EAF  are  listed  in  Table  E 

The  stereological  analysis  of  EAF  offers  a 
valuable  tool  to  analyze  the  kinetics  of  prolifer¬ 


ation  of  enzyme-altered  cells  (see  for  example 
[3,4].  Since  EAF  are  monoclonal  in  origin  (see 
for  example  [5]),  the  number  of  foci  gives  a 
rough  estimate  of  the  initiating  potency  of  a  test 
agent.  Promoter-mediated  clonal  expansion  of 
cells  within  EAF  leads  to  changes  in  the  size 
distribution  of  these  lesions  in  liver  and  may 
therefore  serve  as  a  rough  estimate  of  their 
promoting  activity.  In  addition  to  these  (indirect) 
morphometrical  procedures,  biochemical  and  his¬ 
tological  methods  for  determining  cell  division 
and  death  are  also  available.  Cell  division  can  be 
estimated  from  the  number  of  cells  that  have 
incorporated  labeled  DNA  precursors  such  as 
bromodeoxyuridine  (BrdU)  or  tritiated  thymi¬ 
dine  during  S-phase  of  the  cell  cycle.  The  fre¬ 
quency  of  apoptotic  cell  death  can  be  estimated 
by  counting  the  number  of  apoptotic  bodies  in 
Ei&E-stained  liver  sections  [6].  More  recently  a 
fluorescent  technique  has  been  developed  which 
appears  less  time-consuming  and  may  be  more 
sensitive  than  the  standard  procedure  [7]. 

Cells  of  EAF  show  higher  levels  of  prolifer¬ 
ation  than  their  normal  counterparts.  This  selec¬ 
tive  growth  advantage  is  likely  to  be  due  to 
mutational  events  in  one  or  more  growth  regula¬ 
tory  genes.  In  the  mouse  liver,  the  Ha -ras 
protooncogene  has  been  identified  as  a  frequent 
target  of  mutational  activation.  The  relevance  of 
the  activated  ras  protein  p21'"v  as  endogenous 
stimulator  of  proliferation  of  initiated  cells  will 
be  discussed  in  the  following  chapter. 

3.  Role  of  ras  mutations  during  mouse 
hepatocarcinogenesis 

ras  mutations  in  chemically  induced  mouse 
liver  tumors  have  first  been  described  by 
Reynolds  et  al.  [8]  and  Wiseman  et  al.  [9], 


Table  1 

Some  important  characteristics  of  enzyme-altered  liver  foci 

•  Multiple  enzyme  changes  indicative  of  alterations  in  critical  cell  regulatory  genes 

Monoclonal  origin  =>  number  of  clones  gives  some  estimate  of  the  initiating  activity  of  test  compounds 

•  Altered  growth  characteristics  =>  size  distribution  of  foci  allows  some  estimate  of  the  promoting  activity 

of  test  compounds 

•  Precursor  relationship  to  tumors  4>  quantitative  determination  of  foci  allows  the  prediction  of  liver  tumor  risk 

_  at  very  low  doses 
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respectively.  To  date,  more  than  2000  mouse 
liver  tumors  have  been  investigated.  Approxi¬ 
mately  one-third  of  these  showed  specific  base 
substitutions  in  codon  61  of  Ha-ras.  Certain 
strains  of  mice  show  higher  Ha -ras  mutation 
frequencies  than  others  [10,11].  Rat  or  human 
liver  tumors  are  very  infrequently  ras  mutated. 

The  question  as  to  whether  ras  mutations 
occur  early  or  late  during  carcinogenesis  is  de¬ 
bated  and  appears  to  depend  -  amongst  others  - 
on  the  target  organ.  In  the  mouse  liver,  muta¬ 
tional  activation  of  Ha -ras  probably  occurs  at  the 
level  of  initiation.  This  assumption  is  based  on 
the  following  findings  (for  example  see  [12,13]): 
(i)  mutations  can  be  detected  in  the  ‘earliest’ 
enzyme-altered  lesions  in  the  mouse  consisting  of 
only  a  few  hundred  cells;  (ii)  multiple  samples 
taken  from  different  locations  of  one  and  the 
same  (ras  mutated)  lesion  generally  yield  the 
identical  mutational  signal;  (iii)  in  experiments 
where  ras  mutations  were  detected  by  allele- 
specific  oligonucleotide  hybridization,  the  signals 
for  the  Ha -ras  wild-type  and  mutated  sequences 
were  generally  very  similar  in  intensity;  the 
easiest  explanation  for  this  would  be  that  all 
initiated  cells  of  the  lesion  harbor  mutated  and 
wild-type  alleles  at  a  1/1  ratio;  (iv)  studies  from 
many  laboratories  have  demonstrated  that  the 
types  of  base  substitutions  detected  in  Ha -ras 
mutated  mouse  liver  lesions  may  vary  from 
carcinogen  to  carcinogen,  i.e.  the  mutational 
patterns  are  carcinogen-specific.  Taken  together, 
these  data  strongly  suggest  that  the  mutations  in 
the  Ha-ras  gene  were  directly  induced  by  the 
carcinogen  during  initiation. 

Even  though  the  ras  mutation  is  produced 
during  initiation,  its  effects  become  most  evident 
during  the  subsequent  ‘promotional’  stage  which 
is  characterized  by  the  clonal  outgrowth  of  the 
(mutated)  enzyme-altered  cell  population.  En¬ 
zyme-altered  cells  show  higher  rates  of  prolifer¬ 
ation  than  normal  hepatocytes,  an  effect  which  is 
likely,  although  not  unequivocally  proven,  to  be 
produced  by  the  structurally  modified  p21ras 
protein  encoded  by  the  activated  protooncogene. 
ras  mutations  are  (at  least  with  standard  pro¬ 
cedures)  not  detectable  in  normal  hepatocytes 
but  are  present  in  up  to  50%  of  mouse  hepato¬ 


mas.  It  thus  appears  that  the  activated  p21ra* 
protein  drives  the  proliferation  of  initiated  hepat¬ 
ocytes  and  confers  a  selective  growth  advantage 
to  the  mutated  cells.  Since  stimulation  of  cell 
proliferation  is  also  a  hallmark  of  tumor-promot¬ 
ing  agents,  the  activated  p21rai  protein  may  be 
termed  an  ‘endogenous  tumor  promoter’. 

4.  Action  of  2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD)  during  rat  hepatocarcinogenesis 

The  effects  of  exogenous  tumor  promoters 
have  been  most  extensively  studied  in  the  rat 
liver  system  and  will  be  exemplified  in  the 
present  paper  by  the  action  of  the  dioxin  TCDD, 
which  is  a  potent  tumor  promoter  in  rat  liver  [3]. 
The  effects  of  TCDD  on  the  proliferation  of 
normal  and  GST-P-positive  hepatocytes  were 
analyzed  in  an  initiation  — »  promotion  experi¬ 
ment  in  the  rat.  For  this  purpose,  diethylnit- 
rosamine  (DEN)-initiated  female  Wistar  rats 
were  chronically  treated  with  TCDD  for  various 
periods  of  time.  To  determine  cell  division 
(BrdU-labeling)  and  apoptosis,  liver  sections 
were  prepared  and  processed  for  analysis  of 
BrdU-positive  hepatocyte  nuclei  and  apoptotic 
bodies,  respectively,  as  previously  described  [7]. 
As  shown  in  Table  2,  BrdU-labeling  indices  (Lis) 
and  apoptotic  indices  in  GST-P-positive  liver  foci 
of  control  animals  were  ~  20-fold  higher  than  in 
normal  hepatocytes.  While  BrdU-LIs  in  normal 
hepatocytes  were  more  or  less  unchanged  or 
even  decreased  by  TCDD  treatment,  BrdU-LIs 
in  GST-P-positive  liver  foci  were  slightly  in¬ 
creased  over  the  respective  non-dioxin-treated 
controls.  On  the  contrary,  apoptotic  indices  were 
reduced  to  varying  extents  by  TCDD  treatment 
in  both  normal  hepatocytes  and  GST-P-positive 
liver  foci.  This  effect  was  comparatively  weak  at 
the  first  time  point  of  analysis  (31  days),  and  was 
most  pronounced  after  115  days  of  TCDD  treat¬ 
ment,  indicating  that  treatment  of  animals  with 
TCDD  for  prolonged  periods  of  time  results  in  a 
progressive  inhibition  of  apoptosis,  which  might 
lead  to  a  selective  growth  advantage  of  the 
enzyme-altered  cell  population.  Moreover,  the 
observation  of  strongly  reduced  apoptotic  indices 
along  with  marginal  increases  in  BrdU-LIs  sug- 
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Table  2 

Effect  of  chronic  TCDD  treatment  on  cell  division  (BrdU-labeling)  and  apoptosis  in  GST-P-positive  liver  foci  and  normal 
hepatocytes 


Treatment3 

31  days 

73  days 

115  days 

Normal  tissue 

Foci  tissue 

Normal  tissue 

Foci  tissue 

Normal  tissue 

Foci  tissue 

BrdU-labeling  index  (%)b 

Control 

0.73  ±  0.36 

13.94  ±1.84 

0.56  ±  0.20 

10.25  ±  5.36 

0.33  ±  0.22 

6.79  ±  4.46 

TCDD 

0.41  ±  0.13 

19.19  ±  6.62 

0.26  ±  0.08c 

11.50  ±3.13 

0.40  ±  0.43 

9.47  ±  3.80 

Apoptotic  index  (%) 

Control 

0.14  ±0.08 

1.64  ±1.33 

0.29  ±  0.20 

6.14  ±  5.79 

0.32  ±  0.23 

6.19  ±3.93 

TCDD 

0.10  ±  0.09 

1.14  ±0.97 

0.07  ±  0.03‘ 

1.38  ±0.87 

0.20  ±  0.08 

0.80  ±  0.75‘ 

animals  were  either  treated  with  TCDD  (1.4  /xgl kg  body  wt.;  s.c.  injections  at  bi-weekly  intervals)  for  the  time  periods  indicated 
or  served  as  vehicle  controls  (corn  oil).  Groups  of  animals  were  killed  at  31,  73  or  115  days  after  start  of  TCDD  treatment. 

BrdU-labeling  and  apoptotic  indices  were  determined  as  described  previously  [7].  Values  represent  means  ±  S.D.  from  4-5 
animals. 

c  Significantly  different  from  control  (F<0.05;  Wilcoxon  rank  sum  test). 


gests  that  inhibition  of  apoptosis  in  enzyme-al¬ 
tered  liver  foci  may  be  more  important  for  the 
tumor-promoting  activity  of  TCDD  than  stimula¬ 
tion  of  cell  division. 

Birth  and  death  of  ‘initiated’  cells  are  likely  to 
represent  stochastic  processes  [1].  Under  this 
basic  assumption,  which  is  schematically  outlined 
in  Fig.  2,  we  may  now  consider  the  consequences 
of  TCDD-mediated  decreases  in  the  rate  of 
death  of  the  putatively  initiated  cells:  first,  it  is 


Fig.  2.  Implications  of  cell  death  on  the  outgrowth  and 
survival  of  clones  of  enzyme-altered  cells  (modified  from 
[14]).  Cell  death  by  apoptosis  is  frequently  observed  in  larger 
liver  foci  (A).  Due  to  the  stochastic  nature  of  this  process 
entire  clones  may  become  extinct.  The  probability  of  extinc¬ 
tion  is  inversely  related  to  the  number  of  cells  per  clone. 
Consequently,  single  initiated  cells  (C)  and  small  clones  (B) 
are  at  particularly  high  risk  of  becoming  eliminated  and  may 
therefore  never  develop  into  visible  EAF. 


obvious  that  any  decrease  in  the  rate  of  natural 
cell  death  will  increase  the  net  proliferation  rate 
of  the  ‘initiated’  cells  (Fig.  1).  This  partly  ex¬ 
plains  the  promoting  effect  of  TCDD  and  related 
compounds  in  rat  liver  (see  also  [15]).  Second, 
single  initiated  cells  and  small  clusters  of  initiated 
cells  are  at  high  risk  of  becoming  extinct  by 
apoptosis  while  the  probability  of  extinction 
exponentially  decreases  with  increasing  number 
of  cells  per  lesion.  Consequently,  any  agent,  like 
TCDD,  that  inhibits  apoptosis  will  increase  the 
number  of  surviving  clonogenic  ‘initiated’  cells, 
an  effect  that  may  not  be  easily  distinguishable 
from  effects  seen  with  ‘classical’  genotoxic  car¬ 
cinogens  [10]. 

Dioxins  are  generally  believed  to  act  via  com- 
plexation  to  and  activation  of  the  Ah-receptor/ 
ARNT-complex  which  then  specifically  binds  to 
DNA  and  transactivates  the  transcription  of 
responsive  genes  [16].  Additional  TCDD-acti- 
vated  pathways  have  also  been  hypothesized  by 
Matsumura  [17],  who  postulates  that  Ah-recep¬ 
tor  activation  may  initialize  a  signal  cascade 
through  p21ras  and  the  MAP  kinase  pathway 
which  would  ultimately  activate  genes  containing 
API-responsive  elements.  The  involvement  of 
p21ras  as  a  central  switch  in  this  pathway  is  of 
interest  in  the  context  of  the  present  paper  since 
it  points  towards  a  similarity  of  action  produced 
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by  aberrant  signal  transduction  by  ‘endogenous’ 
(p21r"v)  and  exogenous  tumor  promoters. 

5.  Concluding  remarks 

The  consequence  of  action  of  ‘initiators’,  e.g. 
activation  of  a  protooncogene  such  as  ras ,  is  the 
continual  stimulation  of  proliferation  of  initiated 
target  cells.  The  responsible  cellular  proteins 
may  be  regarded  as  ‘endogenous  tumor-promot¬ 
ing  factors’  which  operate  through  cellular  sig¬ 
nalling  pathways  that  may  also  be  affected  by 
exogenous  ‘tumor  promoters’.  On  the  other 
hand,  inhibition  of  apoptosis  of  spontaneously 
initiated  cells  by  ‘tumor  promoters’  may  increase 
the  number  of  clonogenic  initiated  cells,  an  effect 
that  may  be  termed  ‘indirect  initiating  activity’. 
In  light  of  these  considerations  chemical  car¬ 
cinogens  which  are  believed  to  act  via  distinct 
mechanisms  (‘genotoxic’  versus  ‘epigenetic’)  may 
ultimately  produce  overlapping  effects,  raising 
some  doubts  on  the  practicability  of  categorizing 
these  compounds  into  ‘initiators’  and  ‘promot¬ 
ers’.  In  fact,  this  categorization  is  purely  oper¬ 
ational  and  one  could  simply  argue  that  pure 
‘initiators’  and  ‘promotors’  are  very  unlikely  to 
exist.  Our  critisism,  however,  goes  beyond  this 
point.  The  terminology  ‘endogenous  promoters4 
and  ‘indirect  initiators’  used  above  is  deliberately 
provocative  to  underline  this  fact,  although  we 
are  aware  of  the  associated  semantic  problems. 
Our  argumentation  is  not  intented,  however,  to 
question  the  general  validity  of  the  concept  of 
‘initiation4  and  ‘promotion’  as  such.  Indeed,  the 
liver  system  appears  to  represent  a  very  valuable 
tool  to  investigate  the  underlying  mechanisms  of 
action,  namely  the  nature  and  consequences  of 
heritable  changes  occurring  in  target  cells  during 
carcinogenesis  and  the  kinetics  of  proliferation  of 
the  affected  cells  during  the  process. 
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Abstract 

Rising  mortality  and  prevalence  rates  for  asthma  in  the  United  States  and  other  countries  have  again  raised 
concern  that  environmental  agents,  particularly  air  pollutants,  may  be  responsible.  While  asthma  has  been  linked  to 
environmental  causes  and  triggers,  we  still  have  not  found  specific  agents  underlying  the  increasing  morbidity  and 
mortality  from  the  disease.  Research  may  be  strengthened  by  the  identification  of  genes  for  asthma,  leading  to 
improved  characterization  of  gene-environment  interactions  and  by  more  accurate  methods  for  exposure  assess¬ 
ment. 
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1.  Introduction 

Asthma  is  a  chronic  disease  characterized  by 
symptomatic  and  variable  obstruction  to  airflow 
within  the  lungs  [1],  It  is  the  most  common 
chronic  disease  of  childhood  and  it  remains  a 
common  problem  in  adults,  reflecting  the  per¬ 
sistence  of  childhood  asthma  and  the  new  cases 
that  occur  during  adulthood.  Familial  aggrega¬ 
tion  of  asthma  is  well  documented  and  asthma  is 
considered  to  have  a  genetic  basis,  but  interac¬ 
tions  between  environmental  and  genetic  factors 
are  considered  to  have  a  central  role  in  determin¬ 
ing  the  onset  of  asthma  and  its  clinical  course  [2]. 
Definitions  of  asthma  emphasize  the  variable 
nature  of  the  airflow  obstruction,  the  presence  of 
airways  hyperresponsiveness,  and  the  inflamma¬ 
tory  nature  of  the  underlying  disease  process. 
While  there  are  no  uniformly  applied  criteria  for 


establishing  the  presence  of  asthma,  clinicians 
rely  on  an  appropriate  symptom  history  and 
usually  on  the  demonstration  of  intermittent 
airflow  obstruction  as  well.  Epidemiologic  ap¬ 
proaches  to  establishing  the  occurrence  of  asth¬ 
ma  have  primarily  relied  on  questionnaire  re¬ 
ports  of  physician  diagnoses,  characteristic  symp¬ 
tom  patterns,  or  appropriate  physiological  abnor¬ 
malities,  including  in  recent  years  the  response  to 
airways  challenge  testing  [3]. 

There  has  long  been  concern  that  environmen¬ 
tal  factors  adversely  affect  morbidity  and  mor¬ 
tality  from  asthma.  Epidemic  occurrence  of  asth¬ 
ma  in  association  with  environmental  exposures 
has  been  noted  widely  and  many  outbreaks 
remain  unsolved,  although  some  have  been 
linked  to  sources  of  exposure  within  the  com¬ 
munity.  The  recent  identification  of  asthma  asso¬ 
ciated  with  community  exposure  to  soybean 
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proteins  during  unloading  of  ships  provides  a 
reminder  of  the  potential  for  environmental 
agents  to  cause  asthma  [3].  In  the  example  of 
soybean  asthma,  epidemics  of  asthma  in  Bar¬ 
celona,  first  noted  during  the  1980s,  were  linked 
to  days  on  which  soybeans  were  unloaded  at  the 
harbor.  Subsequently,  an  antigen  in  the  beans 
was  determined  to  be  the  cause  and  implementa¬ 
tion  of  appropriate  industrial  hygiene  control 
measures  at  a  defective  silo  eliminated  this 
epidemic.  Many  other  environmental  factors,  to 
which  exposure  occurs  in  both  indoor  and  out¬ 
door  air,  have  been  associated  with  morbidity 
and  mortality  from  asthma  [4]. 

Beginning  in  the  1980s,  rising  mortality  from 
asthma  was  noted  in  the  United  States  and  a 
number  of  other  countries  [5].  Data  for  the 
United  States  also  showed  that  the  prevalence  of 
asthma  had  increased,  suggesting  a  rising  inci¬ 
dence  of  the  disease.  Previous  rises  and  falls  in 
mortality  from  asthma  had  been  documented, 
but  the  most  recent  increase  again  raised  concern 
as  to  the  underlying  causes  and  environmental 
pollutants  were  again  among  the  suspect  risk 
factors  [4,6].  In  the  United  States,  generally 
improving  trends  of  outdoor  air  quality  have 
shifted  concerns  from  outdoor  air  to  indoor  air. 

The  changing  patterns  of  prevalence  and  mor¬ 
tality  lead  to  two  general  hypotheses  concerning 
asthma  and  the  environment: 

•Have  environmental  factors  increased  the  inci¬ 
dence  and  thereby  the  prevalence  of  asthma? 
•Have  environmental  factors  adversely  affected 
the  natural  history  of  asthma  and  thereby  in¬ 
creased  mortality? 

Recent  descriptive  data  provide  a  compelling 
indication  of  the  role  of  the  environment  in 
determining  the  frequency  of  asthma  and  other 
allergic  diseases.  Von  Mutius  and  colleagues  [7] 
compared  the  prevalence  of  asthma  and  other 
allergic  diseases  in  children  living  in  eastern  and 
western  Germany.  Although  the  genetic  herit¬ 
ages  of  the  two  groups  of  children  were  similar, 
the  children  from  western  Germany  had  a  higher 
frequency  of  allergic  disorders,  including  asthma, 
while  the  children  from  eastern  Germany  were 
more  likely  to  suffer  from  bronchitis.  In  the 
United  States,  prevalence  rates  and  mortality 


rates  from  asthma  among  inner  city  residents 
tend  to  be  much  higher  than  nationwide  rates 
and  rates  among  suburban  dwellers;  it  is  likely 
that  the  recently  recognized  problem  of  ‘inner 
city  asthma’  has  environmental  causes  that  lie  in 
the  correlates  of  low  socioeconomic  status. 

This  presentation  briefly  reviews  the  status  of 
evidence  related  to  the  two  hypotheses.  It  begins 
by  considering  epidemiologic  approaches  to  in¬ 
vestigating  asthma  and  to  testing  hypotheses 
concerning  the  environment  and  asthma.  Limited 
reviews  follow  of  the  evidence  on  risk  factors  for 
the  influence  of  asthma  and  on  the  prognosis  of 
asthma  and  factors  influencing  asthma’s  prog¬ 
nosis. 

2.  Approaches  to  investigating  asthma  in  the 
environment 

We  investigate  asthma  in  the  environment 
using  the  complementary  research  disciplines  of 
clinical  toxicology  and  epidemiology.  In  ‘clinical 
studies’,  volunteer  subjects  are  exposed  to  en¬ 
vironmental  agents  of  interest  in  controlled  set¬ 
tings.  The  exposure  may  take  place  with  inter¬ 
mittent  or  continuous  exercise  to  increase  the 
delivery  of  pollutants  to  the  lung.  The  laboratory 
setting  of  such  exposures  facilitates  detailed 
physiological  assessment  of  responses  and  inva¬ 
sive  methods  may  be  used  to  obtain  biomarkers 
of  response.  For  example,  bronchoalveolar  lav¬ 
age  may  be  conducted  after  exposure  in  order  to 
obtain  cells  and  fluid  for  analysis.  Of  necessity, 
controlled  exposures  are  brief  and  limited  to 
agents  at  concentrations  considered  to  carry  an 
acceptable  degree  of  risk  to  volunteers.  The 
findings  of  clinical  studies  may  be  limited  by  the 
reliance  on  volunteer  subjects  of  uncertain  repre¬ 
sentativeness  to  the  population  of  asthmatics  in 
general  and  by  the  exclusion  of  more  severely 
affected  persons  with  asthma.  Additionally,  the 
pollutant  exposures  used  in  clinical  studies  do 
not  usually  replicate  the  types  of  complex  mix¬ 
tures  found  in  outdoor  and  indoor  environments. 

Epidemiological  study  designs  have  the 
strength  of  investigating  the  consequences  of 
exposures  occurring  in  the  community  setting. 
The  full  array  of  study  designs  has  been  applied 
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to  the  problem  of  asthma  and  the  environment: 
ecological  studies,  cross-sectional  studies  or  sur¬ 
veys,  cohort  studies,  case-control  studies,  and 
clinical  trials  (Table  1).  The  ecological  approach 
has  been  used  to  develop  hypotheses  concerning 
asthma  and  the  environment;  for  example,  higher 
rates  of  asthma  mortality  in  urban  areas  led  to 
diverse  hypotheses  concerning  effects  of  outdoor 
and  indoor  pollutants.  Numerous  cross-sectional 
surveys  have  been  conducted  on  asthma.  Typical¬ 
ly,  these  studies  provide  an  estimate  of  the 
prevalence  of  asthma  and  the  findings  may  be 
used  to  describe  associations  between  asthma 
and  potential  risk  factors.  However,  there  is 
likely  to  be  bias  between  cross-sectionally  ob¬ 
served  associations  as  affected  asthmatics  modify 
their  environment  to  improve  health  status. 
Fewer  cohort  and  case-control  studies  have  been 
conducted.  Both  designs  may  be  informative 
about  factors  predicting  the  onset  of  asthma  and 
the  cohort  study  is  the  appropriate  design  for 
observing  the  natural  history  of  asthma.  Clinical 
trials  involving  randomization  of  participants  to 
measures  intended  to  reduce  risk  of  asthma  or 
morbidity  from  asthma,  have  also  been  con¬ 
ducted.  For  example,  trials  are  now  underway  in 
infants  at  high-risk  for  asthma  to  learn  if  en¬ 
vironmental  modification  can  reduce  the  inci¬ 
dence  of  the  disease. 

While  these  observational  designs  have  been 
informative  with  regard  to  asthma  and  the  en¬ 
vironment,  the  findings  may  be  limited  by  dif¬ 
ficult  methodologic  problems,  including  estab¬ 
lishing  the  presence  of  asthma,  documenting  and 
estimating  exposures  to  environmental  agents, 
and  controlling  for  the  effects  of  other  factors, 
referred  to  as  confounding  factors,  which  may 


also  be  relevant.  For  some  hypotheses  of  current 
interest  with  regard  to  asthma,  notably  large 
populations  and  valid,  but  efficient  and  practic¬ 
able  methods  for  exposure  assessment  are 
needed.  We  can  anticipate  the  incorporation  of 
genotyping  of  asthmatics  in  epidemiological 
studies  in  the  future,  undoubtedly  with  substan¬ 
tial  gain  in  the  capability  of  testing  hypotheses  in 
a  more  focused  fashion  but  also  at  greater  cost. 

3.  Environmental  factors  and  the  risk  of  asthma 

Asthma  is  considered  to  be  a  multifactorial 
disease  with  incidence  determined  by  underlying 
genetic  predisposition  and  by  exposure  to  en¬ 
vironmental  triggers  [1];  while  gene-environment 
interactions  are  emphasized  in  current  concepts 
of  pathogenesis,  it  is  clear  that  there  are  en¬ 
vironmental  agents  that  have  the  capacity  to 
sensitize  individuals  and  cause  asthma,  even 
without  identifiable  predisposition.  For  example, 
toluene  diisocyanate  can  cause  asthma  following 
exposures  at  extremely  low  concentrations  as 
with  may  other  occupational  agents  [8].  In  addi¬ 
tion  to  genetic  background,  factors  associated 
with  asthma  include  lower  respiratory  infections 
particularly  in  early  childhood,  indoor  allergens 
and  possibly  other  indoor  pollutants,  selected 
outdoor  pollutants,  and  a  large  number  of  occu¬ 
pational  agents  [2]. 

A  long  list  of  indoor  and  outdoor  air  pollu¬ 
tants  are  suspect  causes  of  asthma  (Table  2). 
Indoor  pollutants  have  received  substantial  em¬ 
phasis  as  causes  of  asthma  [9].  Indoor  allergens 
of  concern  come  from  molds  and  lungi,  insects, 
rodents,  and  pets;  current  hypotheses  about 
asthma  and  allergens  emphasize  exposures  to 


Table  1 

Epidemiologic  study  designs _ _ _ _ _ 

Case-control  study:  an  analytical  design  involving  selection  of  diseased  cases  and  nondiseased  controls  followed  by  assessment  of 
prior  exposures 

Clinical  trial:  an  analytical  design  involving  random  assignment  of  exposure  to  two  or  more  subject  gioups 

Cohort  study:  an  analytical  design  involving  selection  of  exposed  and  nonexposed  subjects  with  subsequent  follow-up  for 

development  of  disease 

Cross-sectional  study:  subjects  are  identified  and  exposure  and  disease  status  determined  at  one  point  in  time 
Ecological  study:  study  design  involving  comparison  of  disease  rates  in  groups  _ 
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Table  2 

Indoor  and  outdoor  air  pollutants  relevant  to  asthma 

Outdoor  Allergens 

Particles 
Sulfur  oxides 
Nitrogen  oxides 
Ozone 

Chemical  emissions 

Indoor  Allergens 

Tobacco  smoke 
Organic  compounds 
Nitrogen  oxides 


allergens  from  house  dust  mites,  cockroaches, 
and  cats.  In  a  cohort  study  of  high-risk  children 
in  England,  house  dust  mite  exposure  in  early 
life  predicted  the  onset  of  wheezing  as  the 
children  were  followed  up  to  age  8  years  [2].  Cats 
are  also  a  potent  source  of  allergen,  which  is 
persistent  in  the  environment  and  exposure  is 
widespread  as  the  allergen  is  carried  from  loca¬ 
tion  to  location  on  clothing  [10]. 

Environmental  tobacco  smoke  (ETS)  is  the 
term  used  to  refer  to  the  mixture  of  sidestream 
smoke  and  exhaled  mainstream  smoke  that  con¬ 
taminates  spaces  where  smoking  is  taking  place. 
There  has  long  been  concern  that  passive  smok¬ 
ing  could  contribute  to  the  development  of 
asthma.  Rising  exposure  to  environmental  tobac¬ 
co  smoke  in  indoor  environments  is  one  potential 
explanation  for  the  increasing  frequency  of  asth¬ 
ma,  particularly  in  inner  cities  where  smoking 
rates  tend  to  be  high.  The  hypothesis  that  en¬ 
vironmental  tobacco  smoke  exposure  causes 
asthma  has  been  tested  in  diverse  cross-sectional 
studies  and  in  case-control  studies  [11].  To  date, 
however,  the  evidence  has  not  been  conclusive 
and,  in  its  1992  risk  assessment,  the  U.S.  En¬ 
vironmental  Protection  Agency  [11]  concluded 
that  passive  smoking  was  associated  with  asthma 
but  stopped  short  of  characterizing  the  link  as 
causal. 

Other  indoor  pollutants  that  might  contribute 
to  the  causation  of  asthma  include  nitrogen 
oxides  from  gas  cooking  ranges  and  volatile 
organic  compounds,  such  as  formaldehyde,  re¬ 
leased  from  furnishings,  building  materials,  and 
household  products.  To  date,  however,  definitive 


evidence  on  these  pollutants  as  causes  of  asthma 
has  not  been  reported. 

Investigating  outdoor  pollutants  as  risk  factors 
for  the  onset  of  asthma  is  made  difficult  by  the 
problem  of  exposure  estimation  and  controlling 
for  potential  confounding  factors.  Allergens  and 
outdoor  air  are  known  to  exacerbate  asthma  but 
have  not  been  shown  to  cause  asthma  under 
usual  circumstances.  While  ecological  evidence  of 
varying  asthma  occurrence  has  suggested  pos¬ 
sible  effects  of  outdoor  pollutants,  confirmatory 
studies  of  more  definitive  design  have  not  been 
undertaken. 

Of  course,  asthma  has  a  multifactorial  etiology 
and  investigations  on  its  etiology  need  to  be 
designed  to  either  assess  a  single  factor,  while 
rigorously  controlling  for  other  factors,  or  to  test 
the  effects  of  multiple  factors  in  a  design  that 
allows  a  disentangling  of  their  effects.  A  recent 
report  of  a  case-control  study  conducted  in 
Montreal  illustrates  the  latter  approach.  Infante- 
Rivard  [12]  conducted  a  case-control  study  of 
new  cases  of  childhood  asthma,  identified 
through  hospital  emergency  rooms.  Exposures  in 
the  home  and  family  characteristics  were  con¬ 
trasted  for  the  cases  and  controls.  The  analysis 
simultaneously  tested  the  effects  of  indicators  of 
familial  predisposition,  such  as  having  parents 
with  asthma  or  siblings  with  asthma,  and  of 
environmental  exposures,  such  as  type  of  heating 
and  level  of  smoking  in  the  home.  The  study 
showed  significant  effects  of  family  history  on 
asthma  risk  as  well  as  an  affect  of  parental 
smoking.  Additional  studies  of  this  design  may 
prove  informative,  particularly  when  combined 
with  a  careful  assessment  of  phenotype  and 
genotype. 


4.  Natural  history  of  asthma  and  environmental 
factors 

Environmental  factors  may  contribute  to  mor¬ 
bidity  and  mortality  from  asthma  by  adversely 
affecting  the  natural  history  of  the  disease. 
Fortunately,  in  spite  of  the  attention  focused  on 
mortality  from  asthma,  the  prognosis  of  the 
disease  is  generally  quite  favorable.  In  fact,  in  a 
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recent  report  on  the  prognosis  of  2499  residents 
of  Rochester,  Minnesota  with  a  diagnosis  of 
asthma  made  between  1964  and  1983,  having  a 
diagnosis  of  asthma  did  not  adversely  affect 
survival  [13].  In  addition  to  environmental  and 
occupational  exposures,  other  prognostic  factors 
for  asthma  include  age,  the  underlying  severity  of 
the  disease  and  adherence  with  medication. 

In  general,  asthma  is  a  persistent  and  chronic 
disease.  Several  long-term  studies  have  docu¬ 
mented  the  natural  history  of  childhood  asthma 
well  into  adulthood  [2].  These  cohort  studies,  one 
involving  children  from  Australia  and  the  other 
children  in  the  Netherlands,  found  that  most 
children  with  asthma  were  still  symptomatic 
decades  later.  In  the  study  in  the  Netherlands, 
being  symptomatic  in  adulthood  was  predicted 
by  sex  (males  having  more  symptoms  than 
females),  by  the  degree  of  airways  responsiveness 
in  childhood,  by  having  symptoms  in  childhood, 
and  by  becoming  a  cigarette  smoker. 

Many  studies  have  now  addressed  indoor  and 
outdoor  pollutants  as  factors  that  exacerbate  the 
status  of  persons  with  asthma.  The  research 
designs  employed  include  the  cross-sectional 
study  and  short-term  cohort  studies,  often  re¬ 
ferred  to  as  ‘panel’  studies.  In  the  latter  design, 
the  status  of  persons  with  asthma  is  monitored 
and  variation  in  status  is  assessed  in  relationship 
to  environmental  exposures. 

Evidence  from  panel  studies  has  shown  that 
asthma  may  be  worsened  by  exposure  to  oxidant 
pollution  and  possibly  particulate  air  pollution 
[14].  These  studies  have  shown  short-term  as¬ 
sociations  of  outdoor  air  pollution  levels  with 
frequency  of  symptom  reports  reflective  of  ex¬ 
acerbation,  need  for  additional  medication,  and 
level  of  lung  function  [14].  Over  the  longer-term, 
however,  air  pollution  appears  to  have  little 
impact  on  mortality  from  asthma.  Lang  and 
Polansky  [15]  compared  death  rates  from  asthma 
in  the  city  of  Philadelphia  between  1969  and  1991 
with  trends  of  the  concentrations  of  major  air 
pollutants  including  ozone,  carbon  monoxide, 
nitrogen  dioxide,  sulfur  dioxide,  and  particulate 
matter.  Over  these  years,  the  concentrations  of 
these  pollutants  declined  while  rates  of  death 
from  asthma  increased.  Present  trends  of  rising 


asthma  mortality  in  many  developed  countries 
cannot  be  attributed  to  outdoor  air  pollution. 

Panel  studies  have  also  indicated  possible 
effects  of  indoor  pollutants  and  clinical  trials 
show  that  measures  to  reduce  levels  of  house 
dust  mite  allergen  favorably  affect  the  status  of 
children  with  asthma  [10].  Convincing  evidence 
has  shown  that  environmental  tobacco  smoke 
causes  exacerbation  of  asthma.  In  fact,  in  its  1992 
risk  assessment,  the  Environmental  Protection 
Agency  concluded  “. . .  passive  smoking  is  causal¬ 
ly  associated  with  additional  episodes  and  in¬ 
creased  severity  of  asthma  in  children  who  al¬ 
ready  have  the  disease”  [11]. 

5.  Conclusions 

Asthma  and  the  environment  have  been  vigor¬ 
ously  investigated  during  recent  decades.  Cycles 
of  asthma  mortality  and  morbidity  have  evoked 
concern  about  environmental  factors  that  may 
cause  and  exacerbate  the  disease.  Evidence  from 
clinical  studies  and  epidemiologic  research  has 
successfully  identified  some  environmental  fac¬ 
tors  that  contribute  to  the  burden  of  morbidity 
and  mortality  of  asthma.  However,  we  still  have 
not  identified  the  cause  of  the  current  increase  in 
asthma  mortality.  Our  research  may  be 
strengthened  by  the  identification  of  genes  for 
asthma  and  more  accurate  methods  for  exposure 
assessment.  However,  we  should  be  able  to  gain 
substantial  insights  by  better  applying  existing 
methods  to  an  immediate  problem. 
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Abstract 

Occupational  asthma  is  an  important  occupational  respiratory  disorder,  both  in  terms  of  morbidity,  disability  and 
in  the  total  number  of  cases.  The  two  types  of  occupational  asthma  are  classified  on  the  basis  of  their  temporal 
relationship  to  onset.  Occupational  asthma  with  latency  reflects  allergic  occupational  asthma  and  is  a  condition 
characterized  by  a  preceding  latent  period  of  workplace  exposure  during  which  allergic  sensitization  to  a  material 
present  at  the  work  site  occurs.  It  is  characterized  biochemically  by  immunologic  alterations  and  physiologically  by 
variable  and  work-related  airflow  limitation  with  the  presence  of  both  specific  and  nonspecific  airway  hyperrespon¬ 
siveness.  In  contrast,  occupational  asthma  without  latency  is  an  asthmatic  condition  that  develops  suddenly  and 
without  a  preceding  latent  period,  as  epitomized  by  the  reactive  airways  dysfunction  syndrome  (RADS).  RADS  is 
distinguished  physiologically  by  chronic,  persistent  nonspecific  airway  hyperresponsiveness  and  usually  occurs  after 
a  single  brief  high-level  exposure  to  an  irritant  gas,  vapor  of  fume;  new  information  suggests  that  a  more  prolonged 
irritant  exposure,  in  certain  susceptible  persons  with  a  pre-existing  allergic  predisposition,  can  also  lead  to  the 
initiation  of  new-onset  asthma.  The  factors  that  may  be  influential  in  the  pathogenesis  of  occupational  asthma 
include:  exposure  characteristics,  industrial  factors,  job  attributes,  geographic  and  climatic  conditions,  economic 
considerations  and  personal  or  host  conditions,  such  as  atopy  and  cigarette  smoking.  Preventive  measures  and 
opportunities  for  intervention  are  essential  and  must  address  plans  for  reducing  or  eliminating  accidents  and  spills, 
as  well  as  plans  for  engineering  control  methods  and  proper  and  effective  local  exhaust  ventilation.  Medical 
surveillance  programs  are  the  keystone  for  prevention  and  should  identify  persons  who  are  at  an  increased  risk  for 
developing  occupational  asthma,  as  well  as  detecting  asthma  at  an  early  stage  when  intervention  options  are  likely  to 
be  successful.  For  sensitized  workers,  the  best  preventive  option  is  completed  removal  from  the  work  environment. 

Keywords:  Asthma;  Allergic  sensitization;  Occupational  exposure;  Bronchial  hyperresponsiveness 


1.  Definition  of  occupational  asthma 

A  broad  definition  of  occupational  asthma 
ascertains  that  it  is  a  disorder  characterized  by 
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episodes  of  reversible  airflow  limitation  caused 
by  the  inhalation  of  a  substance  or  material  that 
a  worker  manufactures  or  uses  directly  or  that  is 
incidentally  present  at  the  work  site.  Another 
definition  is  “variable  air  flow  limitation  caused 
by  a  specific  agent  in  the  workplace”.  This  latter 
definition  limits  the  scope  of  occupational  asthma 
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because  it  necessitates  incriminating  a  specific 
substance  in  the  workplace.  This  theme  has  been 
echoed  by  compensation  boards  which  accept  a 
diagnosis  of  occupational  asthma  only  for  a  finite 
number  of  specific  agents.  For  example,  in  the 
United  Kingdom,  the  Industrial  Injuries  Advis¬ 
ory  Council  defined  occupational  asthma  as 
“asthma  that  develops  after  a  variable  period  of 
symptomless  exposure  to  a  sensitizing  agent  at 
work”.  In  order  to  qualify,  asthma  must  be  due 
to  a  predetermined  and  limited  number  of  agents 
(platinum  salts,  isocyanates,  epoxy  resins,  acid 
anhydrides,  colophony  fumes,  proteolytic  en¬ 
zymes,  laboratory  animals  and  insects  and  grain 
dust). 

Definitions  that  insist  on  sensitization  exclude 
non-allergic  causes  for  consideration  as  occupa¬ 
tional  asthma.  This  restriction  negates  the  con¬ 
cept  that  non-allergic  factors  can  cause  occupa¬ 
tional  asthma,  which  seems  contrary  to  what  is 
generally  appreciated  about  the  pathogenesis  of 
asthma  in  the  general  population  (i.e.,  extrinsic- 
allergic  vs.  intrinsic-non-allergic  asthma). 
Another  classification  placed  agents  into  2 
groups:  non-specific  stimuli  (inciters)  provoke 
airway  narrowing  but  do  not  themselves  increase 
airway  responsiveness;  and,  specific  stimuli  (in¬ 
ducers)  will  both  provoke  airway  narrowing  and 
increase  non-specific  bronchial  responsiveness. 
According  to  this  classification,  occupational 
asthma  falls  into  the  second  category.  The  stimuli 
are  able  to  ‘induce’  or  ‘switch  on’  asthma  and 
non-specific  bronchial  hyperresponsiveness, 
either  on  an  allergic  or  non-allergic  basis. 

A  recently  proposed  classification  seems 
appropriate  and  identifies  2  major  types  of  occu¬ 
pational  asthma  which  are  distinguished  by  the 
presence  or  absence  of  a  latency  period.  In  this 
context,  occupational  asthma  due  to  a  sensitizer 
is  a  condition  occurring  after  a  preceding  latent 
period  of  exposure  when  allergic  sensitization  to 
a  substance  or  material  present  in  the  work  site 
occurs  and  is  characterized  physiologically  by 
variable  and  work-related  airflow  limitation  and 
the  presence  of  both  specific  and  non-specific 
airway  hyperresponsiveness.  At  present,  there 
are  more  than  200  agents  documented  to  cause 
this  type  of  occupational  asthma.  In  contrast, 


non-allergic  or  irritant-induced  occupational 
asthma  develops  without  a  preceding  latent 
period.  It  occurs  after  an  inordinate  workplace 
irritant  exposure,  and  is  distinguished  physiologi¬ 
cally  by  persistent  non-specific  airway  hyperres¬ 
ponsiveness.  In  both  allergic  and  non-allergic 
asthma,  pathological  changes  depict  bronchial 
mucosal  injury  and  inflammation. 

2.  Factors  influencing  pathogenesis  of 
occupational  asthma 

Exposure  characteristics  can  influence  the  pre¬ 
valence  of  asthma.  Such  factors  as  chemical  type 
and  reactivity,  chemical  sources  and  concentra¬ 
tion  of  an  exposure  are  of  concern.  The  intensity 
of  exposure  is  of  particular  importance.  A  single 
high-level  exposure  is  consequential  in  the 
pathogenesis  of  irritant-induced  asthma  and  in¬ 
termittent,  repeated  or  persistent  exposures  are 
necessary  for  allergic-type  occupational  asthma. 
High  level,  intermittent  exposures  have  been 
reported  to  be  important  in  the  pathogenesis  of 
toluene  diisocyanate  (TDI)  asthma;  workers  with 
exposure  to  frequent  spills  are  more  likely  to 
report  asthma  symptoms  or  show  changes  in  lung 
function  tests.  An  unmistakable  relationship  ex¬ 
ists  between  the  magnitude  of  exposure  and  the 
prevalence  of  allergic  sensitization.  This  associa¬ 
tion  has  been  reported  for  western  red,  iso¬ 
cyanates,  colophony,  baking  products,  acid 
anhydrides  and  cotton  dust. 

Industrial  factors  include  processes  inherent  to 
industrial  operations  and  processes,  unique 
working  conditions  of  the  plant  or  industry, 
industrial  hygiene  practices  employed  in  the 
industry  or  plant  operation,  and  engineering 
features  of  the  industrial  site.  For  example,  TDI 
asthma  is  reported  more  commonly  among  work¬ 
ers  employed  in  polyurethane  processing  than  in 
TDI  manufacturing.  Hexamethylene  diisocyantae 
(HDI)  and  TDI  display  the  same  vapor  pressures 
and  are  relatively  volatile  at  room  temperature; 
diphenylmethane  diisocyante  (MDI)  with  a 
lower  vapor  pressure  is  not  volatile  at  room 
temperature.  MDI  becomes  more  volatile  and 
likely  to  lead  to  asthma  when  it  is  heated  and 
vapor  pressure  increases;  this  is  noted  in  such 
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industrial  processes  as  foundry  work.  The  type  of 
industry  or  process  influences  prevalence.  Asth¬ 
ma  develops  in  about  5%  of  workers  exposed  to 
isocyanates;  between  10  and  45%  of  workers 
exposed  to  proteolytic  enzymes;  workers  exposed 
to  grain  dust,  including  millers  and  bakers  en¬ 
counter  asthma  prevalence  between  2  and  40%. 

Job  characteristics  including  type  and  specific 
job  procedure  or  practice  can  influence  preval¬ 
ence.  For  certain  types  of  jobs  or  industrial 
operations,  asthma  is  noted  to  develop  in  an 
exceptionally  high  percentage  of  persons  ex¬ 
posed.  Spray  painting  with  diisocyanates  is  a 
particularly  hazardous  form  of  exposure  since 
high  levels  of  vapors  (HDI,  TDI)  and  particu¬ 
lates  (MDI)  are  airborne.  The  potential  for 
sensitization  is  considerable  if  safety  precautions 
are  not  followed,  such  as  the  use  of  proper 
respiratory  protective  devices.  Other  potentially 
dangerous  job  activities  may  include  pouring, 
grinding,  blasting,  sanding,  sawing  and  heating. 
Unsafe  work  practices  can  lead  to  spills  or 
accidents  and  resultant  high-level  exposures. 

Geographic  and  climatic  factors  can  be  im¬ 
portant.  Asthma  from  red  cedar  is  seen  in  the 
western  United  States.  In  the  Great  Lakes  area, 
asthma  from  grain  dusts  and  flour  is  frequent. 
Chemicals  are  indigenous  to  many  areas,  espe¬ 
cially  the  industrial  eastern  and  midwestern  sec¬ 
tions.  Climatic  conditions,  such  as  wind  direction 
and  humidity  may  be  influential.  Environmental 
exposures  have  been  incriminated  in  asthma 
epidemics,  such  as  in  Barcelona,  Spain  where 
unloading  of  soybeans  caused  asthma  outbreaks. 
A  variety  of  factors  were  explored,  including 
unloading  of  soybeans  in  different  silos,  proximi¬ 
ty  of  silos  to  urban  areas,  types  of  unloading 
procedures  used,  presence  or  absence  of  bag 
filters  on  silos  in  dust  collectors,  barometric 
pressure  and  wind  conditions  on  epidemic  days 
and  air  sampling  measurements  and  morphologic 
examinations  of  dust  collected.  All  of  the  analy¬ 
ses  led  to  the  conclusion  that  unloading  of 
soybeans  gave  rise  to  sudden,  massive  release  of 
soybean  dust  that  reached  the  urban  area  under 
appropriate  meteorologic  conditions  and  caused 
the  outbreaks. 

Economic  factors  may  influence  prevalence. 


An  association  was  observed  between  the  num¬ 
bers  of  reported  cases  of  allergic  symptoms  in 
workers  exposed  to  western  red  cedar  dust  and 
the  quantity  of  western  red  cedar  imported  into 
Japan.  Up  to  1960  as  little  as  10  000  m3  western 
red  cedar  was  imported  into  Japan  through  the 
Tokyo  and  Yokohama-Kawasaki  ports.  By  1968, 
imports  increased  to  440000  m3  and  were  widely 
distributed  among  various  ports  throughout 
Japan.  Coincidentally  with  the  wide  distribution 
of  the  wood,  cases  of  western  red  cedar  asthma 
were  reported  all  over  Japan. 

Personal  or  host  factors  are  considered  to  be  a 
key  element  for  asthma  development.  Atopy  is  a 
term  which  defines  a  population  that  distinctly 
differs  with  respect  to  immunologic  reactivity 
and  is  stipulated  to  be  an  important  risk  factor 
for  occupational  asthma.  Allergy  to  the  enzymes 
of  Bacillus  sub  tills,  platinum  salts,  animal  dan¬ 
ders,  locusts,  or  gum  acacia  are  stated  to  occur 
more  often  among  atopic  workers  as  compared 
to  non-atopic  persons.  The  relationship  between 
atopy  and  allergic  sensitization  is  best  established 
for  larger  molecular  weight  (>1000  Da)  agents 
compared  to  those  of  a  lower  molecular  weight 
size  (<1000  Da).  Examples  of  the  former  include 
detergent  enzymes,  animal  handlers  allergens, 
certain  insect  exposures  and  bakers.  However, 
there  are  conflicting  data  relating  atopy  and 
agent  molecular  size  with  consequential  sensitiza¬ 
tion  to  the  agent  which  suggests  that  other 
factors  play  a  role  in  allergic  sensitization. 

Cigarette  smoking  appears  to  predispose 
workers  to  allergic  sensitization.  A  connection 
between  cigarette  smoking  and  increased  IgE 
level  has  been  reported.  In  the  general  popula¬ 
tion  a  higher  serum  total  IgE  concentration  is 
noted  for  smokers  compared  to  non-smokers. 
Animal  investigations  indicate  that  tobacco 
smoke  provokes  an  increase  in  serum  IgE  level 
and  enhances  respiratory  sensitization  to  oval¬ 
bumin.  In  the  occupational  setting,  an  association 
between  atopy,  cigarette  smoking  and  allergic 
sensitization  to  a  workplace  exposure  is  reported 
for  workers  exposed  to  green  coffee  bean,  tetra- 
chlorophthalic  anhydride  and  platinum  salts.  A 
contemplated  mechanism  to  explain  the  connect¬ 
ion  between  cigarette  smoking  and  allergic  sen- 
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situation,  proclaims  that  the  inhalation  of 
cigarette  smoke  produces  an  injury  to  the  bron¬ 
chial  epithelium,  possibly  widening  of  the  tight 
junctions  between  epithelial  cells,  which  en¬ 
hances  bronchial  epithelial  permeability  and 
leading  to  heightened  penetration  of  antigen 
through  the  epithelial  layer;  this  event  leads  to 
more  direct  access  of  allergen  to  the  immuno¬ 
logic  ‘machinery’  present  in  the  subepithelium 
and  vasculature. 

Workplace  airborne  irritants  may  provoke 
consequences  similar  to  cigarette  smoking.  Thus, 
occupational  exposures  with  especially  irritating 
(e.g.,  isocyanates,  red  cedar  dust,  trimellitic 
anhydride)  or  enzymatic  properties  (e.g.,  sub- 
tilisins,  esterases,  proteases,  papain,  amylase)  are 
more  likely  to  produce  sensitization  because 
their  inherent  irritant  qualities  cause  bronchial 
mucosal  injury.  Industrial  operations  utilizing 
these  types  of  agent  are  potentially  dangerous 
because  of  the  risk  of  heavy  exposures  and 
occurrence  of  spills  and  accidents. 

Worker  turnover  is  increased  in  dusty  jobs 
(i.e.,  foundry  work  and  grain  elevators).  Bronchi¬ 
al  hyperresponsiveness  may  be  a  factor  in  de¬ 
termining  health  selection  out  of  a  dusty  work 
environment.  Workers  with  hyperresponsive  air¬ 
ways  find  it  difficult  to  work  in  dusty  environ¬ 
ments  and  therefore  avoid  them  or  quit  work 
early.  If  workers  select  themselves  out  in  certain 
hazardous  industries,  such  as  foundry  work  and 
employment  in  grain  elevators,  such  a  selection 
bias  may  preclude  the  capability  of  a  study  to 
detect  work-related  health  effects  and  may  actu¬ 
ally  produce  paradoxical  inverse  associations 
between  exposure  and  disease. 

3.  Types  of  occupational  asthma 

3.1.  Occupational  asthma  with  latency  period 

This  type  of  occupational  asthma  encompasses 
all  instances  of  workplace  asthma  for  which  an 
allergic  or  immunologic  mechanism  has  been 
identified  and  includes  most  high-  and  some  low- 
molecular-weight  agents.  For  some  agents  caus¬ 
ing  this  type  of  occupational  asthma,  evidence 
for  an  immunologic  mechanism  is  still  lacking  (or 
may  not  exist).  While  the  list  of  etiologic  agents 


for  allergic  occupational  asthma  is  over  200  long 
and  growing,  only  a  few  of  these  agents  have 
been  extensively  studied  and  characterized  with 
many  existing  only  as  anecdotal  case  reports. 
One  method  of  classification  includes:  (1)  micro¬ 
bial  products  (e.g.  Bacillus  subtilis  enzymes  in  the 
detergent  industry);  (2)  animal,  bird,  and  arthro¬ 
pod  products  (e.g.  urine  protein /dander  from 
small  mammals  in  laboratory  settings);  (3)  plant 
products  (e.g.  wheat  flour  in  bakeries);  and  (4) 
chemicals  (e.g.  toluene  diisocyanate  in  the  plas¬ 
tics  industry). 

A  popular  way  to  classify  sensitizing  chemicals 
is  as  either  high-molecular-weight  (>1000  Da)  or 
low-molecular-weight  compounds  (^1000  Da). 
High-molecular-weight  compounds  are  usually 
proteins,  polysaccharides,  or  peptides  of  animal, 
vegetable,  bacterial,  or  insect  origin.  The  preval¬ 
ence  of  asthma  due  to  these  compounds  tends  to 
be  high  depending  on  the  level  of  exposure. 
Atopy  seems  to  be  a  pre-disposing  factor,  but  not 
always.  These  compounds  cause  asthma  by  in¬ 
ducing  immunologic  responses,  often  character¬ 
ized  by  specific  IgE  antibodies.  The  pathogenesis 
of  asthma  due  to  high-molecular-weight  com¬ 
pounds  is  no  different  from  that  of  more  com¬ 
mon  inhalant  allergens  such  as  house  dust.  As  a 
result,  occupational  asthma  due  to  high-molecu¬ 
lar-weight  compounds  provides  a  good  model  for 
studying  extrinsic  asthma. 

Low-molecular-weight  compounds  capable  of 
inducing  asthma  are  growing  in  number.  The 
prevalence  of  occupational  asthma  of  this  type  is 
low  and  atopy  is  not  a  pre-disposing  factor. 
These  compounds  presumably  are  too  small  to 
act  as  allergens  by  themselves.  They  may  elicit 
immunologic  responses  by  acting  as  a  hapten  and 
combining  with  a  protein  carrier  molecule  to 
form  an  allergen.  The  immune  response  to  a 
hapten-carrier  complex  can  be  directed  against 
the  hapten,  the  carrier,  or  to  a  new  antigenic 
determinant.  It  has  been  difficult  to  confirm  an 
IgE-mediated  response  in  many  cases  of  occupa¬ 
tional  asthma  due  to  low-molecular-weight  com¬ 
pounds.  TDI  asthma  appears  to  encompass  a 
cellular  immune  response.  Skin  testing  is  usually 
not  helpful  and  specific  IgE  antibodies  are  found 
in  only  a  minority  of  symptomatic  TDI  asthmatic 
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patients.  It  is  likely  non-IgE  mechanisms  are 
operative  in  the  pathogenesis.  Thus,  occupational 
asthma  due  to  low-molecular-weight  compounds 
(such  as  TDI  asthma)  may  provide  a  model  for 
studying  apparent  non-IgE-mediated  asthma. 

3.2.  Without  latency  period  -  sudden 

In  1985,  Brooks  et  al.  reported  on  10  indi¬ 
viduals  who  developed  a  persistent  asthma-like 
illness  after  a  single  exposure  to  high  levels  of  an 
irritating  vapor,  fume,  gas  or  smoke.  In  all  cases, 
asthma  developed  within  24  h  after  the  exposure 
and  usually  within  a  few  hours.  Respiratory 
symptomatology  and  continued  presence  of  non¬ 
specific  airway  hyperresponsiveness  persisted  for 
years.  In  1  person,  the  persistence  of  disease  was 
documented  to  be  at  least  12  years  in  duration. 
The  duration  of  exposure  to  the  incriminated 
irritant  ranged  from  a  few  minutes  to  as  long  as 
12  h.  In  almost  all  instances,  the  exposure  was 
the  result  of  an  accident  or  a  situation  where 
there  was  poor  ventilation  and  limited  air  ex¬ 
change  in  the  area.  When  tested,  all  subjects 
displayed  a  positive  methacholine  challenge  test. 
There  was  no  identifiable  evidence  of  a  pre¬ 
existing  respiratory  complaint  in  any  patient 
studied;  2  subjects  were  found  to  be  atopic  but  in 
all  others  no  evidence  of  allergy  was  identified. 
The  incriminating  etiologic  agents  varied  in  each 
case  but  all  were  irritants  including  uranium 
hexafluoride  gas,  floor  sealant,  spray  paint  con¬ 
taining  significant  concentrations  of  ammonia, 
heated  acid,  35%  hydrazine,  fumigating  fog, 
metal  coating  remover  and  smoke  inhalation.  In 
2  cases,  bronchial  biopsies  documented  bronchial 
epithelial  cell  injury  and  bronchial  wall  inflam¬ 
mation;  lymphocytes  and  plasma  cells  were  pres¬ 
ent  but  no  eosinophilia  was  observed.  Desqua¬ 
mation  of  respiratory  epithelium  was  seen  in  one 
biopsy  and  goblet  cell  hyperplasia  in  another. 

A  number  of  subsequent  reports  recounted 
cases  of  reactive  airways  dysfunction  syndrome 
(RADS) -like  disorders  from  irritant  exposures, 
some  displaying  atypical  features  compared  to 
the  original  RADS  description,  such  as  a  longer 
duration  of  exposure  before  onset,  different 
physiologic  manifestations,  not  so  massive  expo¬ 
sure  or  influences  of  host  factors  which  had  not 


been  described  in  the  original  report.  The  ensu¬ 
ing  clinical  information  on  RADS  suggested  that 
many  investigators  were  modifying  the  bench¬ 
marks  for  RADS  so  that  the  designation  of 
RADS  did  not  always  follow  the  original  diag¬ 
nostic  criteria  and  that  some  cases  could  best  be 
termed  as  variants  of  RADS. 

3.2.1.  Investigation  at  University  of  South 
Florida  (USF).  An  analysis  was  made  of  all 
cases  of  irritant-induced  asthma  observed  at  the 
Occupational  Health  Clinic  of  the  USF  between 
June  1989  and  December  1992.  The  aims  of  the 
investigation  were  to:  (1)  better  define  the  clini¬ 
cal  features  of  irritant-induced  bronchial  asthma; 
and  (2)  examine  the  role  of  an  allergic  predispo¬ 
sition  as  a  host  factor  in  the  development  of 
irritant-induced  asthma.  The  retrospective  inves¬ 
tigation,  which  identified  86  asthmatic  subjects, 
65  of  whom  had  workplace  (occupational)  asth¬ 
ma,  was  instituted  to  define  prevalence  and 
clinical  features  of  irritant-induced  asthma  and  to 
assess  the  developmental  role  of  an  allergic 
predisposition.  Of  54  persons  (63%)  with  ir¬ 
ritant-induced  asthma,  38  (44%)  were  new-onset 
asthma  in  persons  without  preceding  respiratory 
symptoms  or  asthma  and  16  (19%)  were  in 
persons  with  documented  past  history  of  asthma 
that  was  clinically  quiescent;  11  (12%)  were 
occupational  asthma  with  a  latency  and  caused 
by  a  sensitizer  in  the  workplace  while  21  (24%) 
were  considered  not  to  be  occupational  asthma. 
An  ‘atopy’  or  an  allergic  predisposition  was 
found  in  25  of  38  with  new-onset  irritant-induced 
asthma  (66% )  and  15  of  16  with  irritant-induced 
asthma  among  pre-existing  asthmatics  (94%);  8 
of  21  (38%)  were  not  occupational  asthma  and  1 
of  11  (9%)  was  occupational  asthma  with  a 
latency  and  caused  by  a  sensitizer.  Onset  time 
(span  of  time  an  exposure  continued  before 
patient  first  developed  asthma  symptoms)  was 
‘sudden’  (^  24  h)  in  23  of  38  (61%)  and  ‘not-so- 
sudden’  (^  24  h)  in  15  (39%)  with  new-onset 
irritant-induced  asthma.  A  longer  onset  time 
correlated  with  the  presence  of  an  ‘allergic  po¬ 
tential’,  especially  with  exposures  2*7  days  (P  < 
0.01).  The  study  suggests  that  there  may  be  2 
clinical  types  of  irritant-induced  asthma:  onset  is 
^24  h  and  no  allergic  predisposition  seems 
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necessary;  and  with  exposures  s=24  h  and  where 
an  allergic  potential  seems  consequential.  The 
data  suggest  that  irritant  exposure  may  initiate 
irritant-induced  asthma  in  susceptible  persons, 
perhaps  similar  to  a  respiratory  infection  or  a 
large  allergen  exposure.  The  not-so-sudden  type 
of  irritant-induced  asthma  exemplifies  the  inter¬ 
action  between  environmental  and  host  factors  in 
the  initiation  of  asthma. 

4.  Opportunities  for  intervention 

Accidental  high-level  exposures,  such  as  spills, 
have  been  reported  to  have  the  most  serious 
consequences  but  provide  the  greatest  oppor¬ 
tunity  for  intervention  and  development  of  pre¬ 
ventive  measures.  The  planning  of  procedures  to 
follow  in  the  event  of  an  accident  spill  is  neces¬ 
sary.  Engineering  controls  focusing  on  proper 
and  effective  local  exhaust  ventilation  can  reduce 
worker  risks.  Other  control  strategies  that  may 
reduce  worker  exposures  include  limitation  of 
exposure  at  the  source  and  installing  transmis¬ 
sion  barriers.  Engineering  controls  require  regu¬ 
lar  maintenance  programs  and  continued  evalua¬ 
tion  of  the  industrial  process.  The  use  of  personal 
protective  devices  is  generally  considered  inap¬ 
propriate,  but  may  be  instituted  during  special 
situations  and  generally  for  only  short  periods  of 
time.  Control  options  can  include  the  substitu¬ 
tion  of  a  sensitizing  agent  for  an  agent  less  likely 
to  cause  sensitization.  An  investigation  of  the 
industrial  flow  schematic  may  lead  to  a  way  of 
introducing  changes  in  the  process  which  can 
lower  exposure.  Various  engineering  control 
methods,  such  as  containment,  enclosure  or  isola¬ 
tion  may  be  an  appropriate  option.  Limiting 
worker  exposure  time  or  job  rotation  may  be 
possible  in  some  special  circumstances.  Medical 
surveillance  programs  are  the  keystone  for  pre¬ 
vention  and  should  identify  individuals  who  are 
at  an  increased  risk  of  developing  occupational 
asthma,  as  well  as  detect  disease  at  an  early  stage 
where  intervention  options  are  likely  to  be  suc¬ 
cessful.  An  occupational  health  surveillance  pro¬ 
gram  may  include  pre-employment  and  periodic 
medical  examinations,  immunologic  monitoring 
and  periodic  spirometric  surveys.  Informing  em¬ 
ployees  about  the  potential  workplace  hazards 


and  proper  training  for  safe  work  practices  is  of 
paramount  importance.  Tests  that  measure  non¬ 
specific  bronchial  hyperresponsiveness  should 
not  be  used  as  pre-employment  screening  tests  to 
exclude  potential  individuals  at  risk.  There  is  no 
decisive  evidence  at  present  that  pre-existing 
bronchial  hyperresponsiveness  represents  a  risk 
factor  for  the  development  of  occupational  asth¬ 
ma.  It  is  also  inappropriate  to  exclude  atopic 
persons  from  employment.  Institution  of  a  smok¬ 
ing  cessation  program  is  an  important  option  to 
consider.  Specific  bronchial  provocation  studies 
may  be  invaluable  in  certain  circumstances,  but 
these  studies  are  indicated  for:  (1)  the  inves¬ 
tigation  of  a  previously  unreported  sensitizer;  (2) 
the  identification  of  the  precise  etiology  where  a 
number  of  compounds  may  be  at  fault;  or  (3)  for 
medical-legal  purposes.  Specific  bronchial  provo¬ 
cation  studies  should  only  be  carried  out  by 
experienced  personnel  in  a  hospital  setting.  A 
number  of  modifications  of  the  ‘stop-resume1 
work  test  have  been  published  which  can  be 
utilized  in  suspected  cases  of  occupational  asth¬ 
ma.  Inclusion  of  testing  for  non-specific  bronchial 
responsiveness  adds  to  the  specificity  of  the 
testing.  The  demonstration  of  an  increase  in 
responsiveness  after  returning  to  work  aids  in 
establishing  a  causal  relationship. 

For  sensitized  persons,  the  best  preventive 
option  is  complete  removal  from  the  work  en¬ 
vironment  because  there  are  reports  of  fatal 
consequences  of  sensitized  individuals  who  con¬ 
tinue  to  work.  The  early  identification  of  disease, 
complete  cessation  of  exposure  and  complete 
removal  from  the  work  environment  may  allow 
the  eventual  resolution  of  asthma  symptoms  and 
non-specific  airway  hyperresponsiveness.  On  the 
other  hand,  a  majority  of  cases  persist  after 
exposure  is  terminated,  as  a  chronic  asthmatic 
condition  associated  with  non-specific  airways 
hyperresponsiveness.  An  important  observation 
suggests  that  the  continued  exposure  of  a  sen¬ 
sitized  individual  may  lead  to  a  persistent  asth¬ 
matic  condition.  A  more  favorable  prognosis  is 
reported  to  occur  with  a  shorter  duration  of 
symptoms  before  confirming  a  diagnosis  of  occu¬ 
pational  asthma,  maintenance  of  normal  pulmon¬ 
ary  function,  and  the  presence  of  a  lesser  degree 
of  non-specific  airway  hyperresponsiveness  at 
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diagnosis.  While  the  best  preventive  option  for  a 
sensitized  worker  is  complete  removal  from  the 
work  environment,  modification  of  this  ap¬ 
proach,  such  as  improving  work-site  ventilation 
to  reduce  exposure  or  the  use  of  respiratory 
protective  devices  is  not  medically  ethical  for  an 
already  sensitized  individual.  Medical  therapy  to 
allow  a  person  to  better  tolerate  a  workplace 
exposure  is  also  not  generally  recommended. 
However,  in  situations  where  the  patient  cannot 
or  will  not  avoid  continued  exposure  the  medico- 
ethical  issue  arises  and  can  only  be  resolved  on 
an  individual  case-by-case  basis. 
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Abstract 

Asthma  is  characterized  by  inflammation,  reversible  airway  obstruction,  and  increased  airway  responsiveness  to 
various  stimuli.  Despite  advances  in  understanding  of  the  pathophysiology  and  in  developing  new  treatments, 
asthma  prevalence  and  mortality  have  been  rising  over  the  last  decade,  after  a  steady  decline  in  the  1970s.  Risk 
factors  for  environmentally  induced  asthma  include  air  pollutants,  tobacco  smoke,  wood  smoke,  and  excessive 
allergen  exposure.  In  controlled  human  chamber  studies,  asthmatics  demonstrate  increased  susceptibility  to  outdoor 
pollutants  such  as  sulfur  dioxide,  nitrogen  dioxide,  and  acidic  particles  with  acute  reductions  in  lung  function  during 
and  following  exposures;  responses  are  enhanced  by  increased  ventilation,  for  example  during  exercise,  or  breathing 
cold  air  and/or  dry  air.  The  evidence  is  even  stronger  that  inhaled  indoor  allergens  have  a  causal  relationship  to 
asthma.  It  is  possible  that  changes  in  housing  conditions  have  led  to  increased  levels  of  dust  mite  and  other  proteins 
in  homes  with  consequent  increases  in  the  prevalence  of  sensitization.  Avoidance  of  specific  allergens  such  as  house 
dust  mite  over  months  results  in  a  reduction  in  clinical  symptoms  and  bronchial  hyperresponsiveness.  The 
interaction  between  aeroallergens  and  air  pollutants  in  triggering  environmentally  induced  asthma  is  an  area  of 
active  research. 

Keywords :  Asthma;  Air  pollution;  Aeroallergens;  Environmental  controls 


1.  Introduction 

Asthma  is  characterized  by  inflammation,  re¬ 
versible  airway  obstruction,  and  increased  airway 
responsiveness  to  various  stimuli.  Despite  ad¬ 
vances  in  understanding  of  the  pathophysiology 
and  in  developing  new  treatments,  asthma  pre¬ 
valence  and  mortality  have  been  rising  over  the 
last  decade,  after  a  steady  decline  in  the  1970s.  It 
is  not  entirely  clear  why  rates  of  death  have  been 
higher  among  blacks  than  whites,  but  there  is 
evidence  of  a  much  higher  prevalence  of  asthma 
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among  blacks  than  whites  [1].  Risk  factors  for 
environmentally  induced  asthma  include  air 
pollutants,  tobacco  smoke,  wood  smoke,  and 
excessive  allergen  exposure. 

This  paper  addresses  the  issue  of  environmen¬ 
tally  induced  asthma  in  the  context  of  the  pa¬ 
tient.  First,  it  reviews  the  health  effects  of  criteria 
air  pollutants  focusing  on  controlled  human 
exposures  of  asthmatics.  Next  the  epidemiology 
of  aeroallergens  and  asthma  is  addressed;  we 
briefly  examine  the  role  of  environmental  con¬ 
trols  for  3  common  allergens;  house  dust  mite, 
cat,  and  cockroach.  Finally,  we  consider  interac¬ 
tions  between  criteria  pollutants  and  aeroal- 
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lergens  and  emphasize  the  need  for  further 
investigation  in  this  area. 


2.  Air  pollutants  and  asthma 

There  are  large  numbers  of  compounds  in  the 
ambient  air  which  are  highly  toxic  at  certain 
concentrations.  The  likelihood  of  an  adverse 
response  to  an  inhaled  pollutant  depends  on  the 
degree  of  exposure  to  the  pollutant  and  indi¬ 
vidual  characteristics  of  the  exposed  person  that 
determine  susceptibility.  The  concept  of  suscep¬ 
tibility  is  highly  relevant  to  public  health  protec¬ 
tion  and  the  delivery  of  health  care.  Human 
responses  to  environmental  agents  that  affect  the 
respiratory  system  depend  on  many  factors, 
including  genetic  differences  in  the  way  agents 
are  metabolized,  difference  in  target  sites  in  the 
lung  and  airways,  and  the  defense  mechanisms  of 
the  respiratory  system.  Also  important  are  pre¬ 
existing  diseases,  airway  reactivity,  age,  gender, 
pregnancy,  and  nutritional  status  [2].  Exposures 
to  other  agents  such  as  cigarette  smoke  or 
combinations  of  environmental  agents  may  also 
influence  susceptibility  to  certain  air  pollutants. 

2.1.  Asthmatics  as  a  susceptible  group 

The  U.S.  Clean  Air  Act  (CAA)  mandated  that 
the  National  Ambient  Air  Quality  Standards  for 
the  criteria  pollutants  (e.g.,  ozone,  N02,  S02, 
particles)  were  to  be  set  low  enough  to  protect 
the  health  of  all  susceptible  groups  within  the 


population.  Two  diseases,  asthma  and  em¬ 
physema,  were  identified  specifically  in  the  CAA 
as  associated  with  increased  susceptibility. 

The  term  ‘susceptible’  has  been  most  often 
applied  to  groups  who  share  one  or  more  charac¬ 
teristics  that  place  them  at  increased  risk  com¬ 
pared  with  people  without  these  characteristics 
(Table  1).  For  asthmatics  and  individuals  with 
chronic  obstructive  pulmonary  disease  (COPD), 
airway  reactivity  and  reduced  levels  of  lung 
function  have  been  identified  as  mechanisms  of 
increased  susceptibility.  Controlled  laboratory 
studies  of  these  groups  have  attempted  to  iden¬ 
tify  specific  effects  of  pollutants  as  assessed 
primarily  by  pulmonary  mechanics. 

Since  the  epidemiological  studies  examining 
exacerbations  of  asthma  and  increased  levels  of 
specific  pollutants  have  recently  been  reviewed  in 
detail  [3],  this  paper  will  focus  on  findings  from 
controlled  laboratory  studies.  In  brief,  the  epi¬ 
demiology  has  linked  acute  decrements  in  lung 
function,  increased  medication  use,  and  in¬ 
creased  emergency  room  visits  with  ozone  and 
particles.  To  date,  the  controlled  clinical  studies 
have  identified  asthmatics  as  susceptible  to  S02, 
sulfuric  acid  aerosols,  and  perhaps  N02,  whereas 
individuals  with  COPD  may  have  increased  re¬ 
sponsiveness  to  N02.  For  example,  the  most 
striking  effect  of  acute  exposure  to  S02  at 
concentrations  of  1.0  ppm  or  below  is  the  induc¬ 
tion  of  bronchoconstriction  in  asthmatics  after 
exposures  lasting  only  5  min  [4].  In  contrast, 
inhalation  of  concentrations  in  excess  of  5.0  ppm 
causes  only  small  decrements  in  airway  function 


Table  1 


Groups  considered  susceptible  to  inhaled  air  pollutants 

Populations 

Potential  mechanism 

Health  effects 

Infants 

Elderly 

Asthmatics 

Cigarette  smokers 

Individuals  with  IHD 
Individuals  with  COPD 

Immature  defense  mechanisms  of  the  lung 
Impaired  respiratory  defenses,  reduced  func¬ 
tional  reserve 

Increased  airway  responsiveness 

Impaired  defense  and  clearance,  lung  injury 
Impaired  myocardial  oxygenation 

Reduced  level  of  lung  function 

Increased  risk  for  respiratory  infection 
Increased  risk  for  infection,  increased  risk 
for  clinically  significant  effects  on  function 
Increased  risk  for  exacerbation  of  respirato¬ 
ry  symptoms 

Increased  damage  through  synergism 
Increased  risk  for  myocardial  ischemia 
Increased  risk  for  clinically  significant  effects 
on  lung  function 

IHD,  ischemic  heart  disease. 

COPD,  chronic  obstructive  pulmonary  disease. 
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in  normal  subjects.  Similarly,  clinical  studies  have 
identified  exercising  adolescent  asthmatics  [5]  as 
susceptible  to  sulfuric  aerosols  at  high  ambient 
concentrations,  levels  that  do  not  affect  healthy 
volunteers.  Although  several  controlled  human 
studies  have  found  asthmatics  responsive  at  low 
levels  of  N02,  the  findings  have  not  been  con¬ 
sistent  [6].  The  conflicting  results  among  these 
studies  are  probably  related  to  differences  in 
subject  selection  and  exposure  protocols.  Rather 
surprisingly,  asthmatics  and  healthy  volunteers 
have  shown  nearly  equivalent  responses  in  terms 
of  pulmonary  decrements  to  ozone.  Several  pos¬ 
sible  explanations  exist.  In  contrast  to  studies 
with  healthy  volunteers,  studies  of  asthmatic 
subjects  have  not  been  performed  using  multiple- 
hour  exposures  or  repeated  daily  exposures. 
Furthermore,  few  studies  with  asthmatic  subjects 
have  incorporated  multiple  periods  of  exercise, 
an  essential  factor  in  provoking  changes  in  air¬ 
way  function  with  low-level  ozone  exposure  in 
healthy  volunteers.  Thus,  the  issue  of  ozone 
sensitivity  will  not  be  resolved  until  populations 
of  normal  and  asthmatic  subjects  are  compared 
using  protocols  of  similar  design. 

3.  Aeroallergens  and  asthma 

Allergens  are  clearly  an  important  precipitant 
of  acute  asthma.  A  brief  interview  with  any  cat- 
sensitive  asthmatic  makes  this  relationship 
dramatically  clear.  The  connection  between 
aeroallergens  and  chronic  asthma  is  much  more 
difficult  to  demonstrate.  Nevertheless,  there  is 
now  considerable  data  implicating  aeroallergens 
as  the  cause  of  chronic  asthma  in  many  patients. 
The  case  for  house  dust  mites  in  the  etiology  of 
asthma  is  particularly  well  developed.  The  argu¬ 
ment  for  causality  is  based  on  the  Hill  criteria 
which  were  originally  proposed  to  establish  a 
causal  association  between  a  variety  of  human 
diseases  and  cigarette  smoking.  The  data  show¬ 
ing  that  house  dust  mites  fulfill  the  Hill  criteria  as 
a  cause  for  asthma  have  recently  been  review  by 
Sporik  et  al.  [7]  and  will  not  be  reviewed  here. 
Instead,  the  questions  that  will  be  addressed  are: 
(1)  what  is  the  epidemiology  of  aeroallergens 


and  asthma,  that  is,  how  does  the  importance  of 
individual  aeroallergens  vary  in  different  geog¬ 
raphic  regions  and  in  different  demographic 
groups  of  patients?  (2)  what  environmental  con¬ 
trols  are  effective  in  eliminating  aeroallergens? 
(3)  how  might  pollutants  influence  the  response 
to  aeroallergens?  Recognizing  that  these  ques¬ 
tions  are  still  areas  of  active  research,  our  current 
understanding  will  be  reviewed. 

3.1.  Epidemiology  of  aeroallergens  and  asthma 

A  variety  of  allergens  are  important  in  asthma 
including  indoor  allergens  such  as  house  dust 
mites,  pets,  cockroaches,  and  rodents  and  out¬ 
door  allergens  such  as  pollens  and  spores.  In 
some  areas  seasonal  epidemics  of  asthma  occur 
because  of  outdoor  allergens.  For  example,  in 
California  there  is  a  seasonal  peak  in  emergency 
room  visits  for  asthma  that  coincided  with  the 
peak  in  grass  pollen  [8].  Naturally,  the  impor¬ 
tance  of  specific  outdoor  allergens  varies  con¬ 
siderably  with  location.  For  example,  ragweed  is 
an  important  cause  of  seasonal  asthma  in  North 
America  but  it  is  unimportant  in  Europe  except 
for  a  region  in  France  where  it  has  become 
endemic.  Conversely,  olive  trees  are  a  major 
seasonal  allergen  in  parts  of  Europe  but  not  in 
the  Americas. 

Recent  studies  have  shown  that  indoor  al¬ 
lergens  important  in  asthma  vary  with  location 
and  socio-economic  class.  Examples  of  this  vari¬ 
ation  include: 

3.1.1.  Coastal  vs.  inland  locations.  Some  of  the 
most  interesting  and  rigorous  epidemiological 
studies  have  been  done  in  Australia  by  a  group 
led  by  Anne  Woolcock.  These  investigators  have 
performed  large  scale  investigations  involving 
thousands  of  elementary  schoolchildren  in  differ¬ 
ent  regions.  Children  in  the  same  grade  were 
interviewed,  tested  for  immediate  hypersensitivi¬ 
ty  to  aeroallergens,  and  had  pulmonary  function 
tests  done  including  histamine  bronchoprovoca- 
tion.  Asthma  was  defined  as  those  children 
having  both  a  history  of  wheezing  and  airway 
hypersensitivity  to  histamine.  A  relative  risk  for 
asthma  based  on  sensitization  to  various  aeroal¬ 
lergens  could  then  be  calculated.  Australia  has  a 
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very  humid  coastal  region  and  becomes  pro¬ 
gressively  drier  inland.  Thus,  exposure  to  aeroal- 
lergens  is  likely  to  change  depending  on  how  far 
inland  the  region  is  located.  Indeed,  in  the 
coastal  city  of  Lismore  the  concentration  of  the 
mite  allergen  Der  p  I  in  samples  of  house  dust 
averaged  83.0  jug/g  dust  whereas  in  the  inland 
city  of  Moree,  mites  averaged  11.2  /xg/g  [9].  In 
Lismore  the  relative  risk  for  asthma  for  indi¬ 
viduals  sensitized  to  house  dust  mites  increased 
21-fold.  In  Moree  mite-sensitization  was  associ¬ 
ated  with  a  3-fold  increase  in  relative  risk  for 
asthma.  Conversely,  sensitization  to  Alternaria 
was  associated  with  a  3-fold  increase  risk  for 
asthma  in  Lismore  but  a  6-fold  increase  risk  in 
Moree.  Thus,  the  role  of  house  dust  mite  de¬ 
creased  and  the  role  of  mold  spores  increased  in 
the  relatively  drier  inland  region.  In  addition, 
when  the  airway  sensitivity  in  the  2  regions  was 
compared,  the  mite-sensitive  children  in  Lismore 
had  significantly  greater  airway  sensitivity  than 
the  mite-sensitive  children  in  Moree,  thus  estab¬ 
lishing  a  dose-response  relationship  between  the 
amount  of  mite  allergen  in  a  community  and 
airway  hyperresponsiveness  of  sensitized  chil¬ 
dren.  An  alarming  result  from  the  findings  of 
these  workers  that  may  bear  on  the  current 
increase  in  asthma  in  the  United  States  is  that 
there  was  a  3-fold  increase  in  the  prevalence  of 
asthma  among  8-10-year-old  schoolchildren  in 
Belmont  over  the  10-year  period  from  1982  to 
1992  [10].  Coincident  with  this  increase  in  asthma 
there  was  a  5.5-fold  increase  in  the  concentration 
of  mite  allergen  in  house  dust.  This  dramatic 
change  in  asthma  prevalence  in  association  with 
an  equally  dramatic  change  in  levels  of  house 
dust  mite  strongly  suggests  but  does  not  prove 
that  changes  in  levels  of  aeroallergens  may  be 
casually  related  to  changes  in  asthma  prevalence 
and  severity. 

3.1.2.  Altitude  vs.  sea  level.  House  dust  mites 
also  do  not  do  well  at  high  altitudes.  In  Briancon 
the  concentration  of  Der  p  I  was  0.36  jag/g  while 
in  Martigues  along  the  Mediterranean  Der  p  I 
was  15.8  jag/g  [11].  In  Briancon  sensitization  to 
mites  is  low  and  is  not  associated  with  asthma. 
Moreover,  the  prevalence  of  asthma  in  Briancon 
is  only  half  that  of  Martigues. 


3.1.3.  Underdeveloped  vs.  developed  regions.  A 
very  low  prevalence  of  asthma  has  been  found  in 
some  Third  World  areas.  For  example,  when 
Highland  villages  in  New  Guinea  were  surveyed 
in  the  1960s  the  prevalence  of  asthma  was  only 
0.1%  of  the  adult  population.  More  recent  sur¬ 
veys  have  found  that  the  prevalence  of  asthma  in 
some  of  these  villages  had  increased  to  7%  of 
adults  over  the  course  of  about  20  years  [12]. 
This  change  appears  to  be  related  to  infestation 
with  house  dust  mites.  In  those  villages  with  a 
high  prevalence  of  asthma  the  density  of  mites 
was  1371  / g  dust  while  in  those  villages  where  the 
prevalence  of  asthma  was  still  low  the  density  of 
mites  was  283/g  dust.  In  addition,  villagers  with 
asthma  had  high  levels  of  mite-specific  IgE  by 
radioallergosorbent  testing  (RAST)  compared  to 
individuals  in  the  same  village  without  asthma  or 
villagers  from  regions  with  a  low  prevalence  of 
asthma.  The  development  of  mite  infestation  was 
thought  to  have  been  related  to  the  introduction 
of  cloth  bedding. 

3.1.4.  Inner  city  vs.  suburban  areas.  Inner  city 
and  suburban  asthma  were  compared  in  Atlanta 

[13] .  Suburban  asthmatics  were  sensitive  to  cat 
but  not  cockroach  while  inner  city  asthmatics 
were  sensitive  to  cockroach  but  not  cat.  Sensitivi¬ 
ty  to  house  dust  mite  was  similar  in  both  groups. 

3.1.5.  Asthma  in  the  inner  city  poor.  Poor 
inner  city  children  have  been  the  subject  of  a 
multicenter  study  of  asthma.  One  surprising 
result  was  that  sensitization  to  house  dust  mites 
was  relatively  uncommon  in  these  patients.  In¬ 
deed,  significant  levels  of  house  dust  mite  al¬ 
lergen  were  found  in  only  6%  of  these  homes 

[14] .  Instead  the  major  allergen  was  cockroach. 
The  reason  for  the  paucity  of  mites  in  these 
households  has  not  been  established  but  may  be 
related  to  greater  extremes  of  temperature  in 
these  dwellings. 

Levels  of  exposure  are  important  in  sensitiza¬ 
tion  and  development  of  asthma.  Even  within 
one  geographic  area  there  are  dramatic  differ¬ 
ences  in  the  levels  of  allergens.  For  example,  in 
Berlin  the  level  of  house  dust  mite  antigen  on 
mattresses  varies  over  a  1000-fold  range  [15]. 
This  variation  is  an  important  determinant  of 
sensitization  to  mite,  that  is,  the  homes  of  mite- 


M.J.  Utell,  RJ.  Looney  I  Toxicology  Letters  82183  (1995)  47-53 


51 


sensitive  atopic  children  had  significantly  higher 
levels  of  mite  allergen  than  atopic  children  who 
were  not  sensitized  to  mites.  Moreover,  a  pros¬ 
pective  study  of  children  born  to  atopic  parents 
in  Poole,  England  found  that  children  exposed  to 
high  levels  of  house  dust  mite  in  the  first  year  of 
life  developed  asthma  at  an  earlier  age  than 
infants  exposed  to  lower  levels  [16]. 

3.2.  Environmental  controls 

In  patients  sensitized  and  exposed  to  specific 
aeroallergens,  environmental  controls  can  be 
effective.  Three  of  the  most  important  indoor 
aeroallergens  are  considered  below. 

3.2.1.  House  dust  mites.  Moving  patients  to 
areas  with  low  levels  of  mites  has  been  effective 
in  reversing  airway  hypersensitivity  in  mite  aller¬ 
gic  asthmatics.  For  example,  Dutch  schoolchil¬ 
dren  moved  to  a  sanitorium  in  Davos  or  London¬ 
ers  moved  into  hospital  rooms  had  progressive 
reductions  in  airway  responsiveness  to  histamine 
[17].  With  strict  environmental  controls  for  house 
dust  mite,  dramatic  reduction  in  symptoms  and 
medication  use  were  seen  in  a  controlled  study  in 
Canada  in  1983  [18].  This  early  study  did  not 
measure  levels  of  mite  allergen  or  bronchial 
airway  responsiveness.  However,  a  recent  Ger¬ 
man  study  showed  that  both  of  these  parameters 
improved  over  a  6-month  period.  This  positive 
result  was  seen  despite  the  fact  that  the  interven¬ 
tions  used  were  not  as  comprehensive  as  those  in 
the  earlier  Canadian  study.  Environmental  con¬ 
trols  for  house  dust  mite  have  been  reasonably 
well  worked  out: 

(1)  Use  impermeable  covers  on  mattress  and 
pillows. 

(2)  Wash  all  bedding  in  hot  ( >  130°F)  water. 

(3)  Remove  carpets  from  the  bedroom  and 
family  room. 

(4)  Treat  unremoved  carpets  with  benzyl  ben¬ 
zoate  or  tannic  acid. 

(5)  Replace  or  treat  cloth  furniture. 

(6)  Reduce  indoor  humidity,  e.g.  air-conditioning 
during  summer. 

(7)  Use  filters  on  vacuum  cleaners. 

(8)  Do  not  use  air  cleaners.  (Mite  allergen  is 
mainly  in  large  particles  that  settle  rapidly.) 


3.2.2.  Cat.  The  major  cat  allergen,  Fel  I,  is 
produced  in  both  the  salivary  and  sebaceous 
glands  and  accumulates  in  fur.  Cat  allergen 
remains  airborne  for  long  periods  of  time  due  to 
its  presence  in  small  particles.  Removing  the  cat 
results  in  a  gradual  decrease  in  airborne  Fel  I. 
Airborne  cat  allergen  can  persist  for  6  months 
and  may  remain  in  reservoirs,  such  as  mattresses, 
for  years.  Removing  the  cat  must  be  strongly 
recommended  but  this  recommendation  is  often 
unacceptable.  A  combination  of  washing  the  cat 
weekly,  removing  carpets  and  other  reservoirs, 
and  using  a  room  air  cleaner  can  significantly 
reduce  allergen  levels  [19].  However,  the  clinical 
efficacy  of  environmental  controls  for  cat  al¬ 
lergen  when  the  cat  is  not  removed  is  still  not 
clear. 

3.2.3.  Cockroach.  Cockroach  allergen  may  be 
the  most  important  indoor  allergen  for  poor, 
inner  city  children.  Control  measures  for  cock¬ 
roach  allergen  have  not  been  studied  sufficiently 
to  make  any  recommendation.  Moving  out  of  an 
infested  apartment  house  may  be  the  only  effec¬ 
tive  option. 

4.  Interactions  between  pollutants  and 
aeroallergens 

The  direct  effects  of  pollutants  on  the  airways 
have  been  discussed  previously.  In  addition, 
there  is  reason  to  be  concerned  about  the  inter¬ 
action  between  pollutants  and  aeroallergens. 
There  are  data  that  suggest  that  pollutants  may 
enhance  sensitization  to  aeroallergens  and  that 
the  combination  of  aeroallergen  and  air  pollution 
may  result  in  enhanced  bronchoconstriction. 
Most  of  the  argument  for  an  association  between 
pollutants  and  sensitization  to  aeroallergens 
comes  from  epidemiological  studies  and  animal 
experiments.  For  example,  IgE  sensitization  to 
red  cedar  pollen  in  Japan  is  higher  in  polluted 
urban  areas  than  in  forested,  rural  areas.  It  was 
hypothesized  that  particulate  material  from 
diesel  exhaust  acted  as  an  adjuvant  for  pollen- 
specific  IgE  production  and  this  was  confirmed  in 
rat  experiments.  There  has  been  no  direct  test  of 
this  adjuvant  effect  in  humans. 
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Recently,  limited  experimental  data  in  humans 
have  demonstrated  that  pollutants  can  increase 
the  airway  response  to  allergen  challenge.  Using 
an  innovative  approach  to  study  environmental 
interactions,  Molfino  et  al.  [20]  investigated 
whether  inhalation  of  0.12  ppm  ozone  for  1  h 
potentiates  the  airway  allergic  response  in  asth¬ 
matics  with  seasonal  symptoms.  Although  ozone 
did  not  significantly  alter  baseline  function,  reac¬ 
tivity  to  inhaled  allergen  was  significantly  en¬ 
hanced  by  prior  ozone  inhalation.  Using  a  variety 
of  markers  ozone  has  been  shown  to  increase 
airway  permeability;  it  is  conceivable  that  prior 
ozone  exposure  increased  access  of  allergen  to 
subepithelial  mediator  secreting  cells.  Despite 
these  intriguing  initial  observations  of  interac¬ 
tion,  more  recent  studies  have  had  difficulty 
confirming  the  ozone  findings.  Subsequently, 
nitrogen  dioxide,  at  concentrations  encountered 
in  the  home  environment,  has  been  shown  to 
potentiate  the  specific  airway  response  in  mild 
asthma  to  house  dust  mite  antigen,  although  both 
the  effect  and  study  populations  were  small  [21]. 
It  is  clear  that  a  fertile  and  important  area  of 
research  is  that  of  mixtures  including  2  or  more 
pollutants,  either  combined  or  sequential,  as  well 
as  combinations  of  pollutants  and  allergens. 
Perhaps  an  even  more  exciting  area  is  the  po¬ 
tential  role  of  pollutants  in  enhancing  sensitiza¬ 
tion,  e.g.,  IgE  production,  in  response  to  inhaled 
allergen. 


5.  Conclusions 

The  environmental  effects  on  asthma  are  com¬ 
plex.  One  needs  to  consider  not  only  pollutants 
generated  by  a  variety  of  processes  but  also  the 
ecology  of  aeroallergens.  This  complexity  means 
that  careful  consideration  of  the  peculiarities  of 
each  local  environment  is  critical  for  optimal 
management  of  patients  and  for  establishing 
public  health  policies. 
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Abstract 

The  mechanisms  of  production  of  collective  poisoning  by  pesticides  have  been:  contamination  of  foods  consumed 
by  man,  cutaneous  contact  and  occupational  exposure.  It  is  possible  to  distinguish  4  groups  of  alimentary  epidemics. 
(1)  contamination  during  transport  or  storage;  (2)  ingestion  of  seed  dressed  for  sowing;  (3)  use  of  pesticides  in  oo 
preparation  because  of  their  organoleptic  similarity  to  alimentary  products;  (4)  presence  of  pesticides  in  water  or 
food  owing  to  unsafe  use  of  pesticides.  Occupational  exposure  affects  clusters  of  workers  in  pesticide  manufacture, 
pesticide  application  and  crop  management.  Some  episodes  of  every  kind  of  the  mentioned  groups  have  been 
published  recently. 

Keywords:  Pesticide  poisoning;  Toxic  outbreak;  Toxic  epidemiology 


1.  Introduction 

We  have  defined  toxic  epidemics  as  a 
pathological  condition  characterised  by  a  group 
of  symptoms  affecting  a  particular  population, 
which  has  been  exposed  for  a  certain  period  of 
time  to  a  chemical  product  of  previously  known 
or  unknown  pathogenicity  [1].  They  have  been 
caused  by  organic  or  inorganic  compounds,  natu¬ 
ral  or  synthetic,  the  presence  of  which  in  the 
environment  is  often  unsuspected  and  which  are 
of  a  nearly  infinite  number. 

Many  chemicals  have  produced  collective 
poisonings  over  the  last  50  years.  The  most 
frequently  implicated  among  them  are  the  broad 
family  of  substances  used  as  pesticides  probably 
due  to  their  high  toxicity  and  widespread  use. 

The  pesticides  which  have  produced  toxic 


*  Corresponding  author. 


outbreaks  belong  to  every  family  of  synthetic 
products. 

The  most  important  mechanisms  of  production 
of  collective  poisoning  by  pesticides  have  been: 
accidental  contamination  by  pesticides  of  foods 
consumed  by  man,  contamination  of  clothes  or 
other  vehicles  for  cutaneous  contact  and  occupa¬ 
tional  exposure. 

It  is  possible  to  distinguish  4  groups  of  alimen¬ 
tary  epidemic:  (1)  contamination  during  trans¬ 
port  or  storage;  (2)  ingestion  of  seed  dressed  for 
sowing;  (3)  use  of  pesticides  in  food  preparation 
because  of  their  organoleptic  similarity  to 
alimentary  products;  (4)  presence  of  pesticides  in 
water  or  food  owing  to  misuse  near  harvesting 
time,  misuse  of  containers,  contamination  of 
groundwater  and  use  of  excessively  high  doses  in 
agriculture. 

Epidemics  by  cutaneous  contact  have  affected 
mainly  children  populations  through  clothes  or 
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diapers  contaminated  in  their  transport  or  stor¬ 
age  or  in  the  manufacture  procedure. 

Occupational  exposure  affects  clusters  of 
workers  in  3  typical  situations:  pesticide  manu¬ 
facture  (synthesis  or  formulation),  pesticide  ap¬ 
plication  and  crop  management. 

In  spite  of  the  preventive  measures  that  have 
been  used  to  avoid  these  outbreaks,  some  epi¬ 
sodes  of  every  kind  of  the  mentioned  groups 
have  been  published  in  the  last  10  years. 

2.  Food-borne  epidemics 

We  will  now  analyse  the  main  characteristics  of 
the  alimentary  epidemics  and  the  evolution  of 
their  presentation  in  the  last  decades. 

Epidemics  caused  by  contamination  of  food 
during  transport  have  occurred  periodically  since 
1956. 

Contaminated  foodstuffs  are  usually  powders, 
such  as  flour  and  sugar  coming  into  contact  with 
the  toxic  agent  when  the  alimentary  product  is 
transported  or  stored  together  with  the  pesticide 
or  in  a  place  previously  contaminated  by  the 
toxic  agent. 

The  toxic  agent  is  often  an  insecticide  with  a 
low  LD50:  among  16  episodes  (Table  1)  in  which 


contamination  had  occurred  by  this  mechanism, 
10  were  caused  by  parathion,  5  by  endrin  and  1 
by  carbophenothion.  These  kinds  of  episodes 
involve  highly  toxic  substances  that  can  produce 
their  effects  at  low  doses. 

The  populations  affected  are  usually  large, 
involving  at  least  a  number  of  families  usually 
living  near  the  source  of  distribution  of  contami¬ 
nated  food,  such  as  a  bakery. 

The  latency  period  is  relatively  short,  from  a 
few  minutes  to  a  few  hours.  As  the  evolution  of 
such  outbreaks  is  rapid  and  the  characteristic 
symptoms  of  exposure  to  the  toxic  product 
appear  quickly,  a  correct  diagnosis  can  soon  been 
achieved  on  the  basis  of  clinical  and  epi¬ 
demiological  observations,  with  analytical  con¬ 
firmation  in  most  cases. 

One  of  the  most  characteristic  episodes  hap¬ 
pened  in  Saudi  Arabia  and  Qatar  in  1967  when  2 
freightloads  of  flour  were  contaminated  when 
they  were  transported  beneath  loads  of  endrin 
causing  4  outbreaks.  Altogether  874  people  were 
admitted  to  hospital  and  26  died  [2]. 

The  control  measures  adopted  for  internation¬ 
al  transport  have  been  effective  in  order  to 
prevent  these  episodes.  Thus  epidemics  origina¬ 
ting  from  international  transport  ceased  in  the 


Table  1 

Epidemics  caused  by  contamination  of  food  during  transport  or  storage 


Toxic  agent 

Contaminated  product 

Time 

Endrin 

Flour 

2  days 

Parathion 

Flour 

1  day 

Parathion 

Flour 

Sugar 

1-2  months 

Parathion 

Barley 

1  day 

Parathion 

Flour 

Parathion 

Flour 

15  days 

Endrin 

Flour 

1  day 

Parathion 

Flour 

Sugar 

Parathion 

Flour 

2  days 

Sugar 

Endrin 

Flour 

2  days 

Endrin 

Flour 

1  month 

Carbophenothion 

Flour 

2  days 

Parathion 

Flour 

Parathion 

Flour 

22  days 

Endrin 

Sugar 

2-3  months 

Parathion 

Flour 

10  days 

Ill 

Deaths 

Country 

Year 

159 

England 

1956 

200 

8 

Egypt 

1958 

360 

102 

India 

1958 

53 

9 

Malaysia 

1959 

29 

Yugoslavia 

1961 

88 

10 

Guyana 

1962 

3 

Egypt 

1966 

165 

63 

Colombia 

1967 

559 

16 

Mexico 

1967 

183 

2 

Saudi  Arabia 

1967 

691 

24 

Qatar 

1967 

7 

USA 

1968 

18 

Jamaica 

1968 

79 

17 

Jamaica 

1976 

194 

19 

Pakistan 

1984 

49 

14 

Sierra  Leone 

1986 
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1960s,  however,  similar  episodes  are  now  found 
in  relation  to  national  transport,  especially  in 
developing  countries,  where  such  regulations  do 
not  exist. 

The  latest  epidemics  in  Pakistan  in  1984  [3] 
and  Sierra  Leone  in  1986  [4],  were  caused  by  2 
well-known  toxic  products  -  endrin  and  parath- 
ion. 

Between  16  and  26  July  1984,  7  residents  in 
Talalang  city  in  Pakistan,  without  a  prior  history 
of  seizure  pathology,  had  convulsions  and  2  of 
them  died.  From  July  to  September  acute  con¬ 
vulsions  occurred  in  residents  of  21  villages 
affecting  194  persons;  19  died  (9.8%).  Endrin 
was  detected  in  the  blood  of  12  of  18  patients 
with  a  history  of  convulsions  and  the  possibility 
that  a  shipment  of  food  was  contaminated  with 
endrin  en  route  to  the  city  has  been  stressed  by 
the  report  of  the  incident.  There  was  evidence 
that  truckers  transported  any  combination  of 
goods,  including  chemicals  and  food. 

In  Sierra  Leone  in  1986  3  outbreaks  occurred 
between  20  May  and  1  June  in  Kenema  and 
Lalehun,  resulting  in  49  cases  of  poisoning  and 
14  deaths.  A  detailed  epidemiological  inquiry 
based  on  clinical  data  and  subsequent  analytical 
confirmation  showed  that  10-15  ml  parathion 
had  dripped  into  a  22.5-kg  bag  of  flour  during 


transport  between  the  mill  and  a  general  store  in 
Kenema. 

The  deviation  of  seed  dressed  for  sowing  for 
human  use  has  resulted  at  least  in  12  episodes 
(Table  2):  8  were  due  to  organic  mercury  fun¬ 
gicides,  1  to  hexachlorobenzene,  1  to  thallium 
sulphate  and  2  to  endosulfan.  All  but  2  took 
place  between  1955  and  1971.  Their  severity  has 
not  been  related  to  parameters  of  acute  toxicity 
but  to  the  ingestion  of  low  but  continuous  doses 
which  resulted  in  progressive  accumulation  of  the 
toxicant.  They  include  the  Porphyria  cutanea 
Tarda  epidemic  due  to  ingestion  of  seed  treated 
with  HCB  in  Turkey  with  more  than  10  000 
people  affected  (1956-1969)  and  a  2-10%  annu¬ 
al  mortality  rate  [5],  and  the  epidemic  caused  by 
the  ingestion  of  seed  treated  with  methyl  mer¬ 
cury  in  Iraq  in  1971  with  6530  affected  and  479 
deaths  [6]. 

The  last  episode  of  this  kind  took  place  on  15 
March  1991  in  Sudan  [7].  Three  hundred  and 
fifty  people  were  affected  and  31  people  died 
when  a  number  of  villagers  attending  a  funeral 
ate  bread  made  from  maize  flour  treated  some 
years  earlier  with  endosulfan  as  a  poisonous  bait 
for  birds.  Samples  of  bread  showed  levels  of 
endosulfan  of  3776  mg/kg.  The  origins  of  the 
poisoning  was  traced  to  a  preparation  of  maize 


Table  2 

Epidemics  caused  by  seed  dressed  for  sowing  or  as  bait  _ _ _ 

Toxic  agent  Product  Contaminated  time  Ill  Death  Country  Year 

12  days  31  6  USA  1932 


Thallium  sulfate 

Barley 

Flour 

HCB 

Wheat 

Ethyl  mercury 

Wheat 

Ethyl  mercury 

Wheat 

Ethyl  phenyl  mercury 

Wheat 

Methyl  mercury 

Wheat 

Ethyl  mercury 

Maize 

Methyl  mercury 

Grain 

Pig  meat 

Mercury 

Seed 

Flour 

Methyl  mercury 

Wheat 

Bread 

Endosulfan 

Sorghum 

Bread 

Endosulfan 

Maize 

Flour 

5  years 

3-5000 

6  months 

200 

6  months 

1000 

3  months 

100 

4  months 

45 

144 

15  days 

4 

100 

6  months 

6530 

1  day 

87 

1  day 

350 

10% 

Turqufa 

1955 

70 

Iraq 

1955 

200 

Iraq 

1959 

9 

Pakistan 

1961 

20 

Guatemala 

1966 

20 

Ghana 

1967 

USA 

1969 

Pakistan 

1969 

459 

Iraq 

1971 

Sudan 

1988 

31 

Sudan 

1991 

58 
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treated  with  50%  endosulfan  which  was  recom¬ 
mended  in  an  anti-bird  campaign  in  1983.  A 
certain  amount  of  this  maize  was  stored  till 
March  1991  when  it  was  sold  for  human  con¬ 
sumption.  A  similar  case  had  occurred  in  Urn 
Badda  in  1988.  Pesticide-coated  sorghum  was 
served  as  bread  at  another  funeral  resulting  in 
the  acute  poisoning  of  87  persons.  The  sacks 
were  clearly  marked  in  English  as  contaminated 
with  pesticides  but  the  mill  owner  was  illiterate. 
Both  cases  have  shown  that  the  optimistic  point 
of  view  on  the  disappearance  of  these  episodes 
was  premature,  especially  with  reference  to  de¬ 
veloping  countries  once  again. 

In  the  group  of  epidemics  caused  by  accidental 
use  of  pesticides  in  food  preparation  because  of 
their  similarity  to  nutritional  products  there  are  2 
sources  of  error:  similarity  between  the  2  prod¬ 
ucts  and  wrong  packing,  labelling  or  storage.  At 
least  23  episodes  have  been  described  (Table  3). 
The  mechanism  by  which  such  episodes  occur 
results  in  the  exposure  of  smaller  population 
groups  to  the  episodes  analysed  above,  varying 
from  5  to  280  people.  The  units  consist  of 


families  or  other  groups  living  around  a  common 
site  of  food  manipulation  -  army  canteens, 
hospitals,  restaurants,  cafeterias.  Some  of  them 
are  not  very  important  from  the  quantitative 
point  of  view  but,  as  a  whole,  they  draw  a  good 
picture  of  the  way  those  toxic  products  come  into 
contact  with  food  substances  and  their  effects  on 
human  beings. 

The  foodstuffs  most  frequently  confused  with 
pesticides  of  similar  appearance  are  flour,  sugar 
and  salt,  and  the  pesticides  most  frequently 
implicated  are  those  with  a  salty  appearance: 
sodium  fluoride  and  barium  carbonate,  but  there 
have  been  problems  with  insecticides  such  as 
lindane,  fonofos,  methomil  and  DDT. 

The  storage  of  toxic  products  in  glass  bottles 
or  plastic  bags  with  no  identifying  label  in  kit¬ 
chens  or  pantries  has  been  the  decisive  factor  in 
most  episodes. 

The  worst  episode  occurred  in  1942  in  a 
hospital  in  Oregon,  USA,  where  sodium  fluoride, 
kept  in  the  kitchen  as  a  cockroach  killer,  was 
used  instead  of  powdered  milk  to  make  scram¬ 
bled  eggs  for  the  patients.  A  total  of  263  people 


Table  3 

Epidemics  caused  by  error 


Toxic  agent 

Product 

Contaminated  time 

III 

Fluoride 

Pancakes 

1  day 

7 

Fluoride 

Cakes 

7 

Fonofos 

Pancakes 

1  day 

5 

Fluoride 

Cakes 

1  day 

7 

Fluoride 

Cakes 

1  day 

14 

Fluoride 

Water 

21 

Fluoride 

Pudding 

141 

Fluoride 

Pudding 

69 

Fluoride 

Pancakes 

40 

Fluoride 

Eggs 

1  day 

263 

Barium  carbonate 

Tarts 

2  days 

85 

Fluoride 

Flour 

1  day 

34 

Fluoride 

Flour 

5 

DDT 

Meat  ball 

1  day 

8 

Fluoride 

Sugar 

Fluoride 

Pears 

1  day 

280 

Lindane 

Dessert 

1  day 

5 

Fluoride 

Cakes 

60 

Barium  carbonate 

Sausage 

2  days 

100 

Lindane 

Coffee 

11 

Methomil 

Roti 

1  day 

5 

Arsenic 

1  day 

8 

Barium  carbonate 

Flour 

1  day 

13 

Deaths 

1 


2 

3 


12 

47 


1 


1 

3 

1 


Country 

Year 

USA 

USA 

USA 

1931 

Germany 

1935 

USA 

1936 

Germany 

1937 

USA 

1939 

USA 

1940 

USA 

1942 

Iran 

1945 

Germany 

1946 

USA 

1947 

Taiwan 

1952 

Germany 

1953 

Germany 

1958 

Australia 

1959 

USA 

1961 

Israel 

1963 

Bulgaria 

1965 

Jamaica 

1977 

USA 

1979 

Taiwan 

1989 
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had  symptoms  such  as  nausea,  vomiting  and 
diarrhoea,  with  blood  in  the  vomitus  and  stools, 
followed  by  general  collapse,  paralysis  and 
muscular  spasm;  47  people  died.  In  spite  of  the 
minimal  latent  period,  the  identity  of  the  toxic 
agent  was  not  established  until  22  h  later. 

The  last  published  episode  of  this  kind 
occurred  in  Taiwan  in  1989  at  a  family  party  [8]. 
Nine  out  of  13  victims  developed  nausea,  vomit¬ 
ing,  abdominal  colic,  diarrhoea  and  numbness  of 
the  face  and  distal  extremities  1-2  h  after  ingest¬ 
ing  fried  flour-coated  sweet  potatoes  contami¬ 
nated  with  barium  carbonate.  One  person  died 
and  2  others  showed  ventricular  tachycardia 
followed  by  cardiac  arrest  and  respiratory 
paralysis  but  were  resuscitated.  The  most  promi¬ 
nent  sign  was  acute  hypokalemia.  Apparently  the 
person  who  prepared  the  dessert  may  have 
mistaken  the  barium  carbonate  for  flour.  Analy¬ 
sis  of  sweet  potatoes  and  flour  revealed  25.52  and 
688  mg/g  of  barium  carbonate. 

Last  May  a  new  episode  broke  out  in  Spain. 
Three  members  of  a  family  became  ill  and  died 
after  eating  some  fish  coated  with  malathion 
confused  for  bread.  All  3  showed  nausea  and 
vomiting,  pinpoint  pupils,  coma  Glasgow  3, 
sweating,  hypotension  and  convulsions.  Analyti¬ 


cally  a  severe  depression  of  plasma  cholinester¬ 
ase  was  found  (below  10%  activity).  One  of 
them  died  before  admission  and  the  other  2, 
treated  with  atropine  and  pralidoxime,  de¬ 
veloped  severe  ARDS  and  multiorganic  failure 
dying  2  and  9  days  after  the  poisoning. 

The  fourth  group  of  alimentary  epidemics  was 
produced  by  presence  of  pesticides  in  water  or 
food  due  to  misuse  near  harvesting  time,  misuse 
of  containers,  contamination  of  groundwater  or 
use  of  excessively  high  doses  in  agriculture 
(Table  4).  They  are  indicators  of  the  widespread 
and  massive  use  of  pesticide  products  resulting  in 
their  presence  in  drinking  water  and  food.  Their 
origins  are  not  easy  to  trace  and  they  are  the 
most  modern  and  the  most  difficult  of  toxic 
poisonings  to  control.  The  numbers  of  affected 
people  have  varied  widely  depending  on  the 
source  of  contamination. 

Between  1977  and  1988  five  outbreaks  of  food- 
borne  poisoning  with  aldicarb  and  its  metabolite, 
aldicarb  sulfoxide,  were  reported  in  the  USA:  3 
due  to  the  contamination  of  hydroponic  cucum¬ 
bers  and  2  due  to  the  consumption  of  water¬ 
melons  [9,10]. 

The  largest  episodes  occurred  in  California, 
Oregon,  and  Washington,  USA,  and  Canada  in 


Table  4 

Epidemics  caused  by  environmental  contamination  and  unsafe  use  of  pesticides 


Toxic  agent 

Product 

Contaminated  time 

Ill 

Toxaphene 

Vegetables 

1  day 

3 

Toxaphene 

Vegetables 

1  day 

4 

Dieldrin 

Flour,  salt 

4-5  days 

21 

Arsenic 

Water 

2  months 

11 

Fluoride 

Water 

1  day 

213 

HCH 

Rice,  wheat 

2  years 

268 

Aldicarb 

Cucumbers 

15  days 

9 

Fluoride 

Water 

1  day 

34 

Aldicarb 

Cucumbers 

10  days 

5 

Arsenic 

Water 

3  days 

8 

Mercury 

Food,  water 

7 

Fluoride 

Water 

1  day 

22 

Parathion 

Oil 

1  day 

25 

Aldicarb 

Watermelons 

3  months 

1350 

Aldicarb 

Watermelons 

1  day 

4 

Methamidophos 

Cabbage 

100 

Methamidophos 

Cabbage 

1  week 

64 

Aldicarb 

Cucumbers 

2  months 

9 

Endosulfan 

Cheese 

167 

Deaths 


4 


2 

18 


2 


Country 

USA 

USA 

Germany 

USA 

USA 

India 

USA 

USA 

USA 

USA 

Kenya 

USA 

Senegal 

USA 

USA 

Taiwan 

Taiwan 

USA 

Sudan 


Year 


1951 

1951 

1961 

1972 

1974 

1976 

1977 

1978 

1978 

1979 

1980 
1980 
1983 
1985 
1987 
1987 

1987 

1988 
1988 
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1985,  and  were  caused  by  the  consumption  of 
watermelons  contaminated  with  aldicarb  [11]. 
There  were  1376  reported  cases  with  symp¬ 
tomatology  congruent  with  carbamate  poisoning. 

All  these  episodes  occurred  in  spite  of  the  fact 
that  the  use  of  aldicarb  is  forbidden  in  the  US  in 
certain  crops  like  watermelons  because  it  is 
incorporated  into  the  flesh  of  the  fruit.  The 
source  of  aldicarb  contamination  has  not  been 
determined  but  is  probably  due  to  their  inadver¬ 
tent  or  illegal  application. 

Another  aldicarb  outbreak  was  reported  in  the 
Irish  news  media  in  1992.  Following  this  report 
about  30  people  had  fallen  ill  at  the  end  of  May 
after  eating  contaminated  cucumbers.  Aldicarb  is 
used  in  Ireland  to  control  insect  infestation  in 
potatoes,  beans  and  sugarbeet  but  not  approved 
for  use  with  cucumbers. 

From  the  chronological  point  of  view  (Fig.  1) 
you  can  see  that  group  I  has  experienced  a 
clearcut  decrease  since  the  late  sixties  after  the 
outbreaks  in  Saudi  Arabia  and  Qatar  in  1967 


Fig.  1.  Chronological  evolution. 


when  control  measures  were  adopted  for  interna¬ 
tional  transport.  As  we  have  shown  the  last 
episodes  have  broken  out  at  the  national  level 
and  can  still  be  a  problem  in  developing  coun¬ 
tries  where  it  is  difficult  to  implement  legislation. 
Epidemics  belonging  to  group  II  have  decreased 
thanks  to  the  ban  on  the  higher  toxic  fungicides 
to  preserve  grain.  The  third  group  shows  also  a 
clear  reduction  which  is  not  so  accurate  as  the 
former  because  these  kinds  of  episodes,  affecting 
few  numbers  of  people,  are  probably  under-re¬ 
ported.  As  we  have  stated  before,  the  fourth 
group  is  the  most  modern  with  16  episodes 
reported  after  1970. 

3.  Cutaneous  epidemics 

We  have  found  5  episodes  of  pesticide  collec¬ 
tive  poisoning  caused  by  cutaneous  contact  with 
the  toxic  product  or  with  some  vehicle  contami¬ 
nated  with  pesticides  out  of  the  occupational 
field.  Two  of  them  have  broken  out  after  1980 
(Table  5). 

The  first  of  them  occurred  in  Vietnam  in  1981 
[13].  It  was  reported  as  a  haemorrhagic 
syndrome  of  sudden  onset  with  signs  of  neuro- 
meningeal  involvement.  Two  months  after  the 
beginning  of  the  epidemic,  741  cases  had  been 
detected,  with  177  deaths.  The  origin  of  this 
syndrome  was  the  use  of  talc  contaminated  with 
a  dicoumarin-type  anticoagulant.  Warfarin  was 
identified  in  54  samples.  Accidental  confusion 
with  a  rodenticide  was  one  of  the  causal  hypoth¬ 
eses. 

The  last  cutaneous  episode  described  was 
investigated  by  epidemiologists  from  the  New 


Table  5 


Cutaneous  epidemics 


Toxic  agent 

Product 

Contaminated  ime 

Ill 

Deaths 

Country 

Year 

HCH 

House  walls 

1-2  months 

69 

6 

Greece 

1951 

Bedcovers 

Phosdrin 

Jeans 

1  month 

6 

USA 

1961 

PCP 

Nursery 

5  months 

20 

2 

USA 

1967 

Linen 

HCP 

Talc 

6  months 

204 

36 

France 

1972 

Warfarin 

Talc 

3  months 

741 

177 

Vietnam 

1981 

DEET 

Insect  repellent 

5 

USA 

1989 
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York  State  Department  of  Health,  in  August 
1989  [14].  Four  boys  aged  3-7  years  and  one 
29-year-old  man  had  generalised  seizures  tempo¬ 
rally  associated  with  topical  use  of  A^N-diethyl- 
m-toluamide  (DEET)  as  an  insect  repellent. 

4.  Occupational  epidemics 

The  occurrence  of  collective  occupational 
poisoning  by  pesticides  is  an  habitual  event  in 
any  country. 

The  origins  of  occupational  exposure  leading 
to  collective  poisoning  are  lack  of  safety  mea¬ 
sures  in  manufacture,  lack  of  safety  measures  in 
spraying  -  lack  of  protective  clothes  and  safe 
closed  systems  and  excessive  concentrations  and 
time  of  exposure  -  and  lack  of  safety  measures  in 
harvesting  -  lack  of  protective  clothes,  entry  of 
workers  not  in  compliance  with  the  specific 
intervals  and  degradation  products  more  toxic 
than  the  original  product  [15]. 

Among  the  high  number  of  incidents  reported 
we  have  chosen  some  selected  examples  to 
illustrate  the  different  types  of  problems  impli¬ 
cated. 

In  the  Kepone  outbreak  in  Virginia  in  1974,  in 
the  manufacturing  field,  about  30  workers  were 
hospitalised  showing  tremors  in  limbs,  disturb¬ 
ance  of  vision,  weight  loss,  mental  changes  and 
abnormal  sperm  motility  [16].  In  all  76  of  133 
workers  exposed  presented  some  symptoms  such 
as  liver  enlargement  and  splenomegalia.  In  July 
1975  the  plant  was  officially  closed  as  a  public 
health  hazard. 

The  largest  sprayer  episodes  occurred  in  1976 
among  7500  field  workers  in  the  Pakistan  malaria 
control  program  using  malathion  formulations 
[17].  In  the  peak  month  of  the  epidemic  it  was 
estimated  that  there  were  about  2800  cases  with 
5  deaths  (2  mixers  and  3  spraymen).  The  epi¬ 
demic  was  related  to  poor  work  practice,  de¬ 
veloped  when  DDT  was  the  insecticide  used  for 
malaria  control,  and  the  contamination  of 
malathion  formulations  with  isomalathion. 

In  California  in  1989  thirty-five  workers 
became  ill  after  harvesting  for  about  an  hour  in  a 
cauliflower  field  that  had  been  sprayed  20  h 
earlier  with  organophosphate  insecticides,  mevin- 


phos  and  oxydemeton-methyl  and  the  carbamate, 
methomyl  [18].  California  regulations  require  a 
safety  re-entry  interval  of  at  least  72  h.  All  crew 
members  presented  cholinergic  signs  and  symp¬ 
toms  and  a  depression  of  red  blood  cholinester¬ 
ase  activities. 

A  very  different  kind  of  occupational  exposure 
to  pesticides  has  been  described  among  office 
workers  after  pesticide  application  in  buildings 
for  insect  infestation  [19].  Standards  of  re-entry 
times  after  organophosphate  application  in  Cali¬ 
fornia  did  not  apply  to  offices  or  residences 
elsewhere,  nor  were  there  restrictions  on  or¬ 
ganophosphate  use  during  times  of  building 
occupancy. 

5.  Sarin  poisoning 

Sarin  (isopropyl  methyl  phosphonofluoridate) 
was  synthesized  by  the  Germans  during  the 
Second  World  War  as  many  of  its  related  com¬ 
pounds.  Because  of  high  toxicity  and  physical 
properties  it  is  one  of  the  the  most  potent 
chemical  warfare  agents  and  has  been  discarded 
for  use  as  an  insecticide.  The  inhibitory  activity 
of  sarin  against  the  cholinesterase  enzymes  seems 
to  be  4000  times  higher  than  that  of  parathion 
[20]. 

In  1974  the  first  report  of  human  accidental 
exposure  to  sarin  was  published  describing  the 
clinical  picture  of  1  isolated  and  3  clustered  cases 
of  sarin  poisoning  at  the  workplace  [21]. 

In  the  last  year  2  collective  exposures  to  this 
gas  have  broken  out  in  Japan.  In  June  1994  there 
was  an  incident  in  central  Japan  in  which  200 
people  were  affected  and  7  died  [22].  On  March 
20  1995  this  agent  was  used  again  in  a  terrorist 
attack  on  the  Tokyo  subway  killing  10  people 
and  poisoning  over  5000  [23].  The  first  report  on 
clinical  symptoms  showed  the  typical  muscarinic, 
nicotinic  and  central  pictures  with  reduced  con¬ 
sciousness  levels,  miosis,  fasciculations,  flushing, 
tachycardia,  raised  blood  pressure,  respiratory 
distress  and  flaccid  paralysis  in  the  severest  cases. 
Although  some  authors  found  nicotinic-domi¬ 
nant  responses,  the  treatment  that  followed  was 
a  combination  of  atropine  sulphate,  pralidoxime 
iodide  and  diazepam.  Surprisingly,  many  cases 
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improved  with  the  use  of  only  atropine  eyedrops. 
This  episode  constitutes  a  very  good  example  of 
the  importance  of  careful  study  of  toxic  out¬ 
breaks. 

So  there  are  some  well-known  aspects  of  sarin 
toxicity:  it  acts,  as  is  expected,  on  the  basis  of 
structure,  by  blocking  the  activity  of  esterases  in 
vitro,  producing  a  matching  clinical  picture  in 
experimental  animals  and  in  the  few  human 
exposures  reported  before  the  Tokyo  incident. 
However,  to  conclude  on  the  effects  of  exposure 
of  large  human  populations,  what  appears  to  be 
essential  is  a  careful  study  of  this  unwanted 
collective  exposure. 

The  following  example  can  stress  this  point: 
latest  experimental  research  [24]  indicates  that, 
contrary  to  what  has  been  stated  before,  sarin 
has  not  only  a  peripheral  mode  of  action  in  the 
nervous  system  but  also  a  central  toxicity  which, 
as  in  the  case  of  soman,  results  in  cellular  lesions. 
These  lesions  have  been  found  in  the  hippocam¬ 
pus,  piriform  cortex  and  thalamus,  showing  a 
significant  decline  in  the  area  of  CA1  and  CA3 
hippocampal  cells  as  well  as  in  the  numbers  of 
CA1  cells.  These  findings  are  similar  to  those 
described  after  exposure  to  soman.  The  lesions 
seem  to  increase  with  time,  affecting  broader 
regions  3  months  after  exposure.  Therefore  it 
seems  imperative  to  look  for  the  clinical  expres¬ 
sion  of  these  lesions  in  exposed  humans,  mainly 
impairment  of  fixation  memory,  in  order  to 
confirm  that  this  kind  of  toxic  effect  can  also  be 
expected  in  man. 

Therefore  toxic  epidemic  studies  are  useful  not 
only  to  help  in  the  prevention  of  those  episodes 
but  also  to  enlarge  our  knowledge  of  toxic  effects 
in  man,  and  to  avoid  extrapolation  difficulties. 
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Abstract 

Unintended,  accidental,  or  unavoidable  human  exposures  may  result  from  pesticide  use.  Risk  Characterization 
provides  registrants,  regulators,  and  the  public  a  means  to  assess  relative  risks  of  pesticide  use.  Exposure 
Assessments  are  less  standardized.  Potential  Dermal  Exposure  (PDE;  mg/kg)  is  the  amount  of  contact  with  the 
potential  for  dermal  absorption  (DA).  Mixer /loader /applicator  data  developed  using  passive  dosimetry  and  skin 
washing  forms  a  Tier  1  Generic  Database.  If  disqualifying  estimates  are  obtained  a  more  accurate  estimate  (Tier  2) 
may  be  developed  from  measurements  of  DA,  clothing  protection,  and  PDE  under  use  conditions.  Direct  estimates 
of  absorbed  dose  (Tier  3)  require  metabolic  and  kinetic  data  and  biological  monitoring.  Harvesters  and  other 
persons  who  contact  treated  surfaces  need  reentry  intervals  to  minimize  acute  and  chronic  exposure.  Work  tasks, 
dislodgeable  foliar  residue,  and  duration  of  exposure  are  the  foundations  for  exposure-based,  generic  estimates  of 
harvester  PDE. 

Keywords:  Pesticide;  Human;  Risk  assessment;  Passive  dosimetry;  Biomonitoring;  Risk  management 


1.  Introduction 

As  a  result  of  the  widespread  use  of  risk 
assessment  paradigms  by  pesticide  registrants, 
regulators,  and  the  public,  increased  attention 
has  been  given  to  the  development  of  pesticide 
exposure  assessments.  This  activity  follows  the 
1983  publication  by  the  National  Research  Coun¬ 
cil  of  Risk  Assessment  in  the  Federal  Govern¬ 
ment:  Managing  the  Process  [1].  The  elements 
hazard  identification,  dose  response  assessment, 
exposure  assessment,  and  risk  assessment  em¬ 
body  this  extremely  useful  tool  for  Risk  Manage¬ 
ment  (Table  1). 

Human  exposures  whether  unintended,  ac¬ 
cidental,  or  unavoidable  occur  as  a  consequence 
of  pesticide  use  or  persistence  in  a  variety  of 
media  including  air,  water,  soil,  plants  and  ani¬ 


mals  (especially  foods),  and  on  inanimate  objects. 
Such  exposures  differ  over  many  orders  of  mag¬ 
nitude  and  virtually  none  is  of  health  or  en¬ 
vironmental  significance.  This  contribution  will 
consider  unavoidable  pesticide  exposures  that 
are  associated  with  intentional  use  of  chemical 
technologies.  These  exposures  are  for  the  most 
part  occupational,  and,  in  some  circumstances, 
they  may  be  useful  to  rank  the  exposures  of 
others.  Attention  will  be  given  to  methods  and 
techniques  currently  used  to  gather  human  expo¬ 
sure  data  and  to  its  use  in  the  regulatory  arena. 

Pesticide  use  occurs  under  specific  label  in¬ 
structions,  and  under  usual  circumstances  the 
formulated  active  ingredient  is  dispersed  through 
the  air.  Unintended  and  accidental  exposures 
result  when  the  formulation  or  its  active  ingredi¬ 
ent  do  not  impact  the  intended  target,  the  differ- 
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Table  1 


Unit  processes  and  default  assumptions  of  current  risk  assessment  paradigm 


Activity 

Critical  default  assumptions 

Hazard  identification 

Humans  respond  at  same  dose  as  most  sensitive  animal 

Risk  can  be  assigned  to  a  single  molecule 

Dose-response  studies 

Exposure  assessment 

Chronic  exposures  are  more  risky  than  acute  exposures 

Biological  processes  are  related  to  surface  area 

Tier  0 

Assumes  uniform  distribution  of  dose 

Tier  1 

No  protection  from  clothing 

100%  dermal  absorption 

Tier  2 

Experimental  dermal  absorption  applies  under  natural  conditions 

Clothing  and  equipment  permeation  can  be  studied  using  passive  dosimetry 
Maximum  use  rates  and  minimum  re-entry  intervals 

Lifetime  exposures  are  <40  years 

Experimental  conditions  do  not  alter  work  practices 

Tier  3 

Low  and  high  dose  kinetics  and  metabolism  are  same 

Minimal  genetic  variability 

Compliance  with  study  protocol 

Default  assumptions  are  used  as  general  knowledge  when  specific  knowledge  is  lacking. 


ence  between  the  two  terms  being  subjectively 
dependent  upon  amount  and  the  disposition  of 
the  receptor.  Those  types  of  exposures  will  not 
be  mentioned  further.  The  focus  of  the  remain¬ 
der  of  this  presentation  are  the  predictable,  low- 
level,  fjig- mg  exposures  resulting  from  routine 
use  of  pesticide  products. 

2.  Handlers:  Mixer/loader/applicators 

Persons  who  handle,  mix,  or  load  pesticide 
formulations  have  the  highest  exposure  potential 
and  at  the  same  time  the  highest  degree  of 
protection  from  engineering  controls  and  person¬ 
al  protective  equipment. 

These  workers  were  the  first  persons  moni¬ 
tored  for  pesticide  exposure  in  the  early  1950s. 
Griffiths  et  al.  [2]  measured  parathion  in  the  air 
stream,  and  later  in  1954  Batchelor  and  Walker 
[3]  used  patches  to  intercept  potential  dermal 
exposure.  The  monitoring  methods  and  tech¬ 
niques  of  those  times  were  described  in  detail  in 
1962  by  Durham  and  Wolfe  [4].  The  overall  goal 
of  early  efforts  was  establishment  of  a  safe 
workplace,  rather  than  estimation  of  Potential 
Dermal  Exposure  or  Absorbed  Daily  Dosage.  As 
result  of  those  efforts,  engineering  controls  such 
as  enclosed  cabs,  closed  transfer  systems,  im¬ 
proved  hose  fittings  and  couplings,  personal 


protective  equipment,  and  formulations  with  low 
exposure  potential  (powders  vs.  granules  vs. 
liquids)  were  introduced.  Sub-chronic  exposures 
of  professional  applicators  may  also  require 
detailed  description  (e.g.  months /year,  weeks/ 
month,  days/week,  h/day)  to  qualify  certain 
products  for  particular  patterns  of  use  involving 
repeated  exposures  of  pesticides  with  low  No 
Observed  Adverse  Effect  Levels  (NOELs). 
When  combined  with  administrative  controls  of 
hazardous  work  practices,  the  risk  manager  has 
well-proven  responses  available  to  maintain  a 
healthful  workplace. 

As  a  result  ‘unabsorbed’  pesticide  was  usually 
very  prominent  in  the  exposure  estimate  -  pes¬ 
ticide  extracted  from  patches  worn  outside  or 
inside  the  outer  garment  and  washes  or  rinses  of 
the  hands,  V  of  the  neck,  face,  back  of  the  neck. 
It  may  be  too  much  to  expect  that  these  data  can 
be  easily  and  accurately  converted  to  ADD  as 
required  for  contemporary  risk  assessment.  Too 
few  tests  utilizing  passive  dosimetry  coupled  with 
biomonitoring  have  been  performed  to  be  able  to 
evaluate  and  validate  the  quality  of  that  database 
with  respect  to  today’s  need  for  measures  of 
internal  dose. 

Exposure  estimates  based  upon  unabsorbed 
dose  are  additionally  weakened  by  incomplete 
information  about  the  distribution  of  dose  in 
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spite  of  substantial  data  indicating  that  different 
regions  of  the  body  have  differing  propensities  to 
absorb  chemicals  [5].  The  distribution  issue  is 
most  elegantly  presented  by  Fenske  and  col¬ 
laborators  who  have  fortified  tank  mixes  with 
fluorescent  tracers  which  enables  investigators  to 
visualize  the  distribution  of  pesticide  under  use 
conditions  [6].  Similar  procedures  have  been 
used  in  the  training  and  certification  of  pesticide 
handlers  [7].  In  addition  to  serving  as  a  means  to 
evaluate  exposure,  the  fluorescent  images  should 
serve  to  remind  investigators  of  the  unevenness 
of  the  distribution  and  its  consequences  in  pas¬ 
sive  dosimetry. 


3.  Tier  classification  of  exposure  data 

The  National  Agricultural  Chemicals  Associa¬ 
tion  and  pesticide  regulators  from  the  U.S.  En¬ 
vironmental  Protection  Agency  and  Health  and 
Welfare  Canada  combined  to  produce  a  Pesticide 
Handlers  Exposure  Database  (PHED)  which 
provides  generic  mixer /loader /applicator  expo¬ 
sure  data  [8].  Handler  exposure  has  been  demon¬ 
strated  to  be  formulation  and  application  equip¬ 
ment  dependent  and  independent  of  active  in¬ 
gredient  per  se.  PHED  was  developed  to  stan¬ 
dardize  exposure  estimates  and  to  develop  a 
statistical  database  from  individual  studies  that 
frequently  involve  small  numbers.  The  fully 
computerized  PHED  system  can  be  used  to 
develop  quantitative  measures  of  exposure  for 
several  subsets  of  data  representing  formulations 
and  various  use  scenarios. 

Patch  and  skin  wash  data  are  used  to  describe 
a  large  variety  of  handler  exposure  scenarios 
which  comprise  a  Tier  1  generic  database  (Table 
1).  It  is  very  important  to  recognize  that  the 
current  need  in  risk  assessment  for  estimates  of 
ADD  (mg /kg)  is  being  answered  by  data  ob¬ 
tained  with  methods  used  to  measure  external 
dose  or  potential  dermal  exposure. 

Similar  systems  which  model  worker  exposure 
data  in  England,  Germany,  and  The  Netherlands 
have  been  developed,  and  considerable  effort  is 
currently  being  expended  to  develop  a  single 
regulatory  database  for  Europe.  The  input  and 


output  data  from  PHED  and  several  European 
systems  have  been  compared  [9]. 

When  the  Tier  1  estimate  does  not  qualify  for 
the  intended  use,  a  more  refined  exposure  model 
may  be  developed.  Typically  clothing  permeation 
and  dermal  absorption  in  humans,  non-human 
primates,  swine  or  other  laboratory  animals  will 
be  considered,  and  the  pattern  of  use  may  be 
refined.  Personal  protective  equipment  may  be 
introduced  as  a  mitigating  factor.  As  a  result  the 
Tier  2  exposure  estimate  is  usually  at  least  an 
order  of  magnitude  less  than  the  Tier  1  projec¬ 
tion. 

Tier  3  represents  a  full  experimental  evalua¬ 
tion  of  worker  exposure  utilizing  biomonitoring 
to  establish  ADD.  Such  studies  require  knowl¬ 
edge  of  route  of  exposure  and  metabolic  path¬ 
ways  in  studies  with  good  mass  balance.  Use  of 
excessive  dosages  in  experimental  animal  studies 
may  limit  their  usefulness  in  forecasting  metabol¬ 
ic  fate  of  an  active  ingredient  [10,11].  Similarly, 
reliance  upon  human  studies  derived  from  ac¬ 
cidental  exposures  or  suicide  attempts  may  result 
in  poor  correspondence  of  metabolic  profiles 
between  the  workplace  and  literature.  With 
knowledge  of  metabolic  fate,  stoichiometry,  and 
clearance  mechanism,  investigators  are  in  a  posi¬ 
tion  to  conduct  worker  monitoring  studies  which 
yield  the  most  sound  data  available  concerning 
the  magnitude  of  human  exposure. 

To  test  Tier  1,  2  or  3  exposure  estimates  for 
either  handlers  or  harvesters  and  to  evaluate 
their  associated  default  assumptions,  exposure 
estimates  from  passive  dosimetry  and  estimates 
derived  from  biological  monitoring  should  be  of 
the  same  magnitude.  Some  of  the  elements  used 
to  evaluate  exposure  estimates  from  harvester 
data  are  listed  in  Table  2. 

4.  Harvesters  and  others  contacting  treated 
foliage 

Episodes  of  poisoning  among  fieldworkers  are 
uncommon  and  unfortunate  evidence  of  exces¬ 
sive  exposure  among  harvesters  [12]  resulting 
from  inadequate  decay  of  foliage  residues.  The 
protection  of  reentry  intervals  and  work  clothes 
are  the  primary  means  to  minimize  harvester 
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Table  2 

Absorbed  daily  dosage  ot  harvesters  based  upon  a  generic  transfer  factor  and  urine  biomonitoring 
Tier  1  ""  ~  ~  '  '  ~~ 

1.  Potential  dermal  exposure  =  Dislodgeable  foliar  residue  X  transfer  factor  X  time 

Tier  2 

2.  Clothing  penetration  =  10%  PDE  =  Daily  dermal  exposure 

3.  Dermal  absorption  =  0.1-35%  / 24  h  -  Absorbed  daily  dose 

4.  ADD/body  weight  =  Absorbed  daily  dosage 

Tier  3 

5.  UDB/body  weight  =  Absorbed  daily  dosage, )iol,,„nlt„inf 

6.  Parent  MW/biomarker  MW  X  100/urine  %  X  100/mol  %  x  UB  =  UDB 

7.  Urine  biomarker  cone.  X  urine  volume  =  Urinary  biomarker 


exposures.  Crops  such  as  grapes,  tree  fruits, 
strawberries,  and  hand-harvested  crops  present  a 
special  challenge  due  to  their  acute  and  chronic 
exposure  potential  over  an  extended  growing 
season.  In  some  cases,  reentry  intervals  must  be 
set  based  only  upon  the  measured  pesticide 
decay  curve,  e.g.  dislodgeable  foliar  residues,  and 
the  NOEL  in  animals. 

Earliest  attempts  to  use  foliage  residue  data 
applied  an  ‘equilibrium  model’  to  leaf  or  surface 
pesticide  levels  and  skin  levels.  Knaak  et  al.  [13] 
studied  the  relationship  between  dermal  or- 
ganophosphate  exposure  and  acetylcholinester¬ 
ase  inhibition  for  determination  of  safe  levels.  In 
addition  to  being  limited  to  anti-AChEs,  this 
procedure  for  determination  of  safe  levels  has 
not  been  of  general  usefulness  due  to  use  of 
3-day  AChE  inhibition  and  the  assumption  of 
equilibrium  exposure.  Since  the  initial  concern 
about  acute  toxicity  has  been  broadened  to 
include  developmental  and  reproductive  toxicity 
as  well  as  oncogenicity,  it  is  imperative  that 
reentry  be  exposure-based  rather  than  driven  by 
response. 

Since  there  are  limited  means  to  mitigate 
harvester  exposures,  there  has  been  considerable 
study  of  environmental  data  to  predict  worker 
exposure.  Initial  efforts  have  concentrated  upon 
‘unabsorbed  pesticide  on  clothing  and  skin  using 
methods  employed  in  early  studies  with  handlers. 
DFRs  were  used  by  Zweig  et  al.  [14]  and  Nigg  et 
al.  [15]  to  develop  a  first  approximation  of  PDEs 
for  harvesters.  They  plotted  exposure  (fig/h)  as 
a  function  of  DFR  (yu,g/cm")  and  approximated 
the  resulting  slope  as  an  empirical  transfer  coeffi¬ 
cient  (TC),  5000  cm2/h.  Given  DFR  and  time, 


the  potential  dermal  exposure  rate  was  calcu¬ 
lated  as  follows: 

PDE  (mg/h)  =  DFR  (M g/cm2) 

XhXTC  (cm2/h) 

In  1990  a  series  of  field  studies  from  California 
were  published  [16]  to  show  how  foliage  contact 
and  work  task  influenced  the  magnitude  of  the 
transfer  coefficient  or  transfer  factor  (TF;  to 
emphasize  its  empirical  nature).  Mechanical  har¬ 
vesting  was  associated  with  very  little  exposure 
(TF=1000  cirr/h).  Harvest  (gloved)  of  row 
crops  involving  reaching  and  picking  such  as 
strawberries,  pole  tomatoes,  or  lettuce  yielded 
TFs  from  1000  to  17  000  cm2/h,  and  TFs  for  tree 
fruit  ranged  from  6000  to  54  000  cm2/h.  Al¬ 
though  imperfect,  the  importance  of  work  task 
must  not  be  overlooked  in  developing  an  esti¬ 
mate  of  PDE. 

Several  estimates  of  the  TF  for  strawberry 
harvesters  have  been  made.  They  illustrate  how 
the  method  used  to  assess  exposure  can  influence 
this  important  indicator  of  exposure  potential 
and  reveal  a  lack  of  knowledge  of  the  exposure 
process.  In  the  mid-1980s,  a  transfer  factor  of 
5000  cm~/h  was  applied  to  DFR  based  upon  the 
work  of  Zweig  et  al.  [14]  and  Nigg  et  al.  [15]. 
Thus  PDE  was  6.0  mg  for  an  8-h  day  of  harvest¬ 
ing  berries  from  plants  with  a  DFR  of  0.15  figl 
cm2.  This  would  represent  an  AD  of  90  fig. 
Using  whole  body  dosimeters  and  gloved  harves¬ 
ters,  the  TF  was  estimated  to  be  250-650  cm2/h 
[17].  Recent  biomonitoring  studies  included 
gloved  and  ungloved  harvesters  and  allowed 
direct  calculation  of  AD.  In  this  case  the  AD 
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(average  two  10-h  days  at  DFR  of  0.15  /ig/cnr) 
was  about  25  /ig/h.  Back-calculating  by  100/15 
(dermal  absorption)  and  100/10  (clothing  per¬ 
meation)  yields  a  PDE  of  294  ,ug/day.  The  PDE 
calculated  from  biomonitoring  data  is  substan¬ 
tially  less  than  that  calculated  from  passive 
dosimetry  suggesting  that  the  elements  of  moni¬ 
toring  systems  must  be  carefully  evaluated  and 
adjusted  to  reflect  lower  than  expected  exposure 
(Table  2). 

Hands  are  most  heavily  exposed  under  most 
circumstances.  They  comprise  but  4%  of  body 
surface  area  yet  they  are  generally  recognized  as 
the  primary  source  of  absorbed  dose  based  upon 
hand  rinse  studies.  Recently,  strawberry  harves¬ 
ters  with  or  without  rubber  latex  gloves  were 
biomonitored  for  malathion  exposure  (Table  3). 
Absorbed  dose  was  reduced  about  50%  during  3 
days  of  picking  to  demonstrate  the  importance  of 
contact  transfer.  The  other  50%  of  the  AD  likely 
results  from  contact  or  air  particle  transfer  with 
other  body  parts.  Glove  retained  malathion  and 
rinses  were  a  very  poor  predictor  of  AD. 

The  potential  role  of  DFR  in  determining 
PDE  must  not  be  overlooked.  In  the  simplest 
case,  exposure  potential  is  reduced  as  a  conse¬ 
quence  of  the  first  order  decay  of  DFR.  At  the 
time  the  1990  data  were  assembled  [16],  the  TF 
of  390  000  cm2/h  for  captan  on  plums  was 
considered  an  outlier  perhaps  related  to  aging  of 


Table  3 

Observed  and  estimated  contribution  of  hands  of  strawberry 
harvester  to  absorbed  daily  dose  of  malathion1* 


Tier 

Absorbed  dose 
( fig  equiv./day) 

Day  1  2 

3 

1  Generic 

100%  glove  rinse 

212 

872 

946 

95%  glove  rinse 

2  Experimental 

201 

828 

899 

50%  glove  rinse1’ 

3  Biomonitoring 

106 

436 

473 

Observed  hand  absorption 
(bare-hand  -  gloved) 

27 

311 

93 

a  Studies  sponsored  by  California  Strawberry  Commission, 
1994. 

b  By  biomonitoring  it  was  determined  that  gloves  reduced 
exposure  about  50%. 


the  residue  and  an  extremely  low  DFR  (0.02 
fig! c m2).  A  recent  biomonitoring  study  in  straw¬ 
berries  (Krieger,  unpublished  data)  treated  1- 
month  earlier  with  malathion  yielded  significant 
absorption  at  a  DFR  of  0.005  /Ag/cnC.  The 
resulting  TFbiomonitoring  was  about  one-third  that 
obtained  with  3-  or  4-day-old  malathion  foliar 
residue.  Similar  biomonitoring  data  are  not  gen¬ 
erally  available  since  estimates  of  contact  trans¬ 
fer  are  usually  made  as  close  to  the  reentry 
interval  as  feasible.  If  residues  become  less 
available  with  time,  it  may  represent  an  addition¬ 
al  means  to  lower  harvester  exposure. 

5.  Turf  exposures 

Considerable  attention  has  been  given  to  the 
establishment  of  safe  reentry  levels  based  upon 
measurements  of  DFR.  Gunther  et  al.  [18]  sug¬ 
gested  that  residues  were  mechanically  dislodged 
from  tree  surfaces  during  routine  work  activities. 
Tasks  with  greater  contact  with  treated  foliage 
would  be  associated  with  greater  exposure.  If 
foliage  levels  can  be  used  to  predict  exposure, 
risk  managers  have  an  environmental  indicator 
to  evaluate  before  persons  engage  in  substantial 
and  prolonged  contact.  This  general  goal  is 
carried  to  studies  of  turf  and  indoor  residues  as 
well. 

Turf  including  leaf  blades,  thatch  and  roots  has 
more  complex  leaf  surfaces  which  carry  lower 
residues  than  simple  leaves.  Cut  samples  have  a 
tendency  to  dehydrate  due  to  a  high  surface  to 
volume  ratio.  DFRs  tend  to  be  low  on  turf 
compared  to  leaf  levels  on  crops  and  tree  fruit. 
Initial  turf  levels  were  0.14  /xg/cnT  for  chlor- 
pyrifos  (1.8  lbs  a.i./acre)  and  <0.1  jug/cm2  for 
dichlorvos  (1.6  lbs  a.i./acre)  and  decreased  over¬ 
night  by  an  order  of  magnitude.  Formulation  is 
also  an  important  determinant  of  the  magnitude 
and  persistence  of  pesticides  on  turf  [19].  Formu¬ 
lation  effects  may  be  pronounced  in  exposure 
studies  in  turf  due  to  the  use  of  granular  and 
encapsulated  formulations,  heterogeneity  of  the 
turf  matrix,  vertical  alignment  of  leaf  blades,  and 
microenvironmental  conditions. 

With  respect  to  the  transfer  factors  listed  in 
the  previous  section,  the  transfer  factor  for  turf  is 
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likely  to  be  <2000  cm?/h  and  resulting  exposure 
low. 


6.  Indoor  exposures 

A  1989  paper  by  Berteau  et  al.  [20]  evoked 
considerable  regulatory  activity  and  ultimately 
increased  attempts  to  determine  the  extent  of 
exposure  derived  from  use  of  insecticides  in¬ 
doors.  Priority  illness  cases  were  cited,  and 
subsequent  review  indicated  that  the  majority  of 
cases  were  due  to  malodor  based  upon  the  time 
to  effect,  nature  of  response  and  potential  for 
contact.  Worst  case  dosages  as  high  as  50  mg  /kg 
were  forecast. 

In  order  to  forecast  potential  indoor  exposures 
a  testing  scheme  featuring  humans  wearing 
whole  body  dosimeters  performing  a  specified  set 
of  Jazzercize™  was  developed.  Physicochemical 
surveillance  of  air  and  surfaces  provided  environ¬ 
mental  data,  and  volunteers  easily  performed  a 
20-min  routine  which  maximized  contact  with  the 
insecticide-treated  floor.  Dislodgeable  residues 
were  collected  using  a  25-pound  roller  and  cotton 
dosimeters  [21].  Highest  exposure  potential  was 
associated  with  complete  discharge  foggers,  and 
exposure  estimates  from  a  chlorpyrifos-allethrin 
unit  were  published  [22].  Recent  studies  indicate 
that  this  system  can  result  in  an  over-estimate  of 
human  exposure  potential.  Opportunities  to 
monitor  persons  who  use  similar  products  under 
natural  conditions  -  situational  monitoring  [23]  - 
should  help  guide  future  testing. 

7.  Human  studies  review 

There  is  general  recognition  of  the  importance 
of  studying  human  pesticide  exposures  in  the 
workplace.  Chemicals  in  the  workplace  are  gen¬ 
erally  taken  for  granted,  and  the  idea  of  studying 
them,  particularly  at  no  effect  levels,  is  of  uncer¬ 
tain  significance  to  most  people.  Both  monitoring 
and  experimental  exposure  studies  ethically  and 
legally  (under  some  circumstances)  require  full 
and  complete  disclosure  of  purpose  and  methods 
with  potential  volunteers  [24].  This  issue  is  dis¬ 


cussed  in  more  detail  in  a  previous  publication 
[25].  Given  that  the  toxicity  of  pesticides  is 
usually  overrated,  and  that  exposure  is  consid¬ 
ered  by  some  to  be  an  adverse  effect,  it  should 
not  be  surprising  that  exposure  studies  may 
attract  more  than  their  share  of  public  or  work¬ 
place  attention.  Reviewed  protocols  are  one 
small  means  of  helping  to  assure  some  persons 
that  human  studies  have  a  degree  of  institutional 
support. 


8.  Concluding  comments 

Substantial  data  have  been  collected  during 
the  40  years  that  exposure  monitoring  has  been 
performed  in  the  workplace.  The  methods  and 
techniques  of  investigators  [2,3]  have  not  varied 
substantially,  and  useful  generic  data  bases  are 
being  developed  to  augment  the  regulatory  pro¬ 
cess.  The  risk  assessment  process  has  placed  a 
high  premium  on  an  estimated  low  dosage, 
notwithstanding  the  fact  that  many  present  esti¬ 
mates  are  based  upon  default  assumptions  and 
external  (direct,  environmental)  monitoring. 

Perhaps  it  is  time  to  complement  the  risk 
assessment  process  with  greater  experience- 
based  health  surveillance,  and  to  rely  more 
heavily  upon  common  medical  experience  and 
biological  monitoring  [26].  In  such  a  circum¬ 
stance,  responsible  health  officials  and  risk  mana¬ 
gers  would  be  guided  by  the  risk  assessment  and 
biological  monitoring  utilizing  standards  such  as 
the  biological  exposure  index  familiar  to  indus¬ 
trial  hygienists  or  other  published  standards. 
Contemporary  risk  assessments  are  unques¬ 
tionably  more  complete  than  any  previous 
health-based  materials. 

Present  pesticide  exposure  studies  are  increas¬ 
ingly  becoming  more  about  the  chemical  under 
study  and  less  about  the  behavior  and  exposure 
of  persons  they  seek  to  protect  (Table  1).  Con¬ 
tinued  reliance  on  generic  exposure  models  in¬ 
cluding  unvalidated  default  assumptions  and  con¬ 
trolled  experimental  studies  will  continue  to 
magnify  human  pesticide  exposure  potential. 
Foundation  must  be  established  through  the 
monitoring  of  the  activities  of  real  people  in  real 
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time.  Substantial  monitoring  of  persons  exposed 
to  pesticides  within  and  outside  the  workplace  is 
likely  to  reveal  lesser  levels  of  exposure  and 
consequently  less  potential  impact  on  human 
health.  Risk  managers,  regulators,  the  workforce 
and  the  public  need  to  know! 
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Abstract 

Pesticides  are  known  to  function  as  substrates,  inhibitors  and  inducers  of  drug-metabolizing  enzymes,  with  the 
same  compound  frequently  acting  in  more  than  one  of  these  roles.  Current  studies  of  phase  I  metabolism  of 
pesticides  include  cytochrome  P450  (P450)  and  the  flavin-containing  monooxygenase  (FMO),  with  particular 
reference  to  individual  isozymes.  In  mouse  liver,  the  level  of  FMOl  is  gender  dependent,  FM03  is  gender  specific, 
while  FMOS  appears  to  be  gender  independent.  The  isozyme  specificity  of  methylenedioxyphenyl  synergists  for 
induction  of  P450  in  mouse  liver  involves  P450s  1A1,  1A2  and  2B10,  including  a  non-Ah  receptor-dependent 
mechanism  for  1A2  induction.  The  substrate  specificity  of  mouse  and  human  P450  and  FMO  isozymes  is  discussed. 

Keywords:  Pesticide-metabolizing  enzymes;  Cytochrome  P450;  Flavin-containing  monooxygenase  (FMO);  Methyl- 
enedioxyphenyl  compounds;  Phorate 


1.  Introduction 

Pesticides  [1-5],  as  well  as  many  other  xeno- 
biotics,  are  metabolized  by  many  enzymes,  in¬ 
cluding:  the  cytochrome  P450-dependent  mono¬ 
oxygenase  system  (P450);  flavin-containing 
monooxygenase  (FMO);  prostaglandin  synthet¬ 
ase;  molybdenum  hydroxylases;  alcohol  dehydro¬ 
genase;  aldehyde  dehydrogenase;  esterases;  and  a 
variety  of  transferases,  particularly  the  gluta¬ 
thione  S-transferases.  Of  these  P450  appears  to 
be  the  most  important,  followed  by  FMO.  While 
examples  of  both  activation  and  detoxication 
may  be  found  within  any  of  these  groups  of 
enzymes,  depending  upon  the  substrate  being 
examined,  P450  is  most  important  as  an  activat- 
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ing  enzyme,  producing  reactive  electrophiles  that 
interact  with  nucleophilic  substituents  on  bio¬ 
logically  important  macromolecules  such  as  pro¬ 
teins  and  nucleic  acids.  It  is  also  important  that 
pesticides  may  serve  not  only  as  substrates  for 
these  enzymes  but,  particularly  in  the  case  of 
P450,  may  also  serve  as  inhibitors  and/or  induc¬ 
ers.  These  multiple  roles  are  illustrated  by  many 
of  our  studies  on  such  pesticides  as  the  methyl¬ 
enedioxyphenyl  synergists,  organophosphates, 
organochlorines  and  herbicide  synergists  as  well 
as  studies  of  these  enzymes  at  portals  of  entry 
and  sites  of  toxic  action. 

The  techniques  of  molecular  biology  have 
been  applied  extensively  to  P450.  To  date  over 
200  genes  have  been  characterized  and  the  nu¬ 
cleotide  and  derived  amino  acid  sequences  com¬ 
pared.  In  a  number  of  cases  the  chromosome 
location  of  the  gene  has  been  determined  and  in 
others  the  mechanism  of  gene  expression  has 
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been  investigated.  A  system  of  nomenclature 
based  on  protein  sequence  was  proposed  in  1987 
and  updated  in  1989,  1991  and  1993  [6].  Under 
this  system  P450  genes  are  designated  CYP  (or 
cyp  in  the  case  of  mouse  genes),  followed  by  a 
numbering  system  that  distinguishes  gene 
families,  gene  subfamilies  and  individual  genes. 
The  development  of  this  system  and  the  com¬ 
parison  of  protein  sequences  has  enabled  an 
evolutionary  tree  for  P450s  to  be  developed. 
While  some  P450s  may  be  substrate  specific, 
those  involved  in  xenobiotic  metabolism  tend  to 
be  relatively  non-specific,  although  substrate 
preferences  are  clearly  evident,  even  between 
non-specific  isozymes.  Furthermore,  isozyme  spe¬ 
cificities  are  also  known  to  exist  involving  both 
inhibitors  and  inducers  of  P450  isozymes. 

FMOs  (EC  1.14.13.8)  are  located  in  the  endo¬ 
plasmic  reticulum  of  mammalian  cells  and  are 
involved  in  the  monooxygenation  of  a  wide 
variety  of  xenobiotics.  FMOs  have  a  similar 
distribution  and  function  to  many  of  the  iso¬ 
zymes  of  P450.  Originally  described  as  an  amine 
oxidase  [7],  FMO  is  now  known  to  catalyze  the 
oxidation  of  many  organic,  and  some  inorganic, 
chemicals  [8,9].  The  FAD  prosthetic  group  first 
reacts  with  NADPH  and  then  molecular  oxygen 
to  give  rise  to  the  enzyme-bound  hydro- 
peroxyflavin  responsible  for  the  oxidation  of 
suitable  substrates.  These  initial  reactions  occur 
in  the  absence  of  substrate  and  the  enzyme  exists 
primarily  in  the  hydroperoxyflavin  form  [10-12]. 
A  consequence  of  this  is  that  substrates,  with  few 
exceptions,  have  the  same  Fmax,  although  Km 
may  vary.  At  least  5  different  isoforms  of  FMO 
have  been  demonstrated,  some  of  which  appear 
to  be  associated  with  particular  tissues  or  cell 
types  [13-15]. 

2.  Xenobiotic  specificity:  metabolism,  inhibition 
and  induction 

2.1.  Substrate  specificity 
P450  isozymes  are  responsible  for  many  differ¬ 
ent  monooxygenations  and  for  most  of  these 
reactions  there  are  examples  of  pesticide  sub¬ 
strates.  For  example:  epoxidation  (aldrin);  N- 
dealkylation  (atrazine);  O-dealkylation  (chloro- 


fenvinphos);  5-oxidation  (phorate);  desulfuration 
(parathion).  Substrates  for  the  FMO  have  very 
diverse  chemical  structures,  from  inorganic  ions 
to  organic  compounds.  All,  however,  are  soft 
nucleophiles,  a  category  that  includes  many  or¬ 
ganic  chemicals  but  particularly  organic  chemi¬ 
cals  with  a  sulfur,  nitrogen,  phosphorus  or 
selenium  heteroatom.  Although  xenobiotic 
metabolizing  isoforms  of  P450  appear  to  prefer 
hard  nucleophiles  as  substrates,  most,  if  not  all, 
substrates  for  FMO  are  also  substrates  for  P450. 
However,  even  when  the  same  substrate  is  oxid¬ 
ized  by  both  FMO  and  P450,  in  addition  to  rate 
differences,  there  may  be  different  products  and 
different  stereochemistry.  The  amount  of  various 
isoforms  of  both  FMO  and  P450  may  also  vary 
from  tissue  to  tissue.  Pesticides  known  to  be 
substrates  for  the  FMO  include  the  organophos- 
phates,  phorate  and  disulfoton,  the  carbamates, 
aldicarb  and  methiocarb,  the  dithiocarbamate 
herbicide,  sodium  metham,  the  naturally  occur- 
ing  insecticide,  nicotine,  and  the  trivalent  organo- 
phosphorus  cotton  defolient  Folex  [16]. 

2.2.  Methylenedioxy phenyl  (MDP  compounds) 
Piperonyl  butoxide  (PBO)  and  sesamex  (SES) 
have  been  used  as  synergists  with  pyrethroid  and 
carbamate  pesticides,  and  isosafrole  (ISO)  and 
safrole  (SAF)  are  found  in  many  common  foods 
of  plant  origin,  SAF  having  been  shown  to  be  a 
liver  carcinogen  in  rodents  at  high  doses.  MDP 
compounds  affect  multiple  enzyme  pathways 
[17,18],  including  the  P450-dependent  monoox¬ 
ygenase  system.  The  effect  of  MDP  compounds 
on  P450s  is  biphasic,  with  an  initial  inhibition  of 
activity  followed  by  an  increase  above  control 
levels  [19,20].  The  inhibitory  effect  of  MDP 
compounds  has  been  attributed  to  the  formation 
of  a  stable  metabolite  complex  between  the 
heme  iron  of  the  P450  and  the  carbene  species 
formed  when  water  is  cleaved  from  the  hydroxy- 
lated  methylene  carbon  of  the  MDP  [21].  MDP 
exposure  induces  several  P450  isozymes  not 
found  in  detectable  quantities  in  unexposed 
animals  [22-25]. 

Several  studies  have  been  published  regarding 
the  effects  of  MDP  compounds  on  mammalian 
liver  enzymes  (see  [25]  for  references).  Cook  and 
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Hodgson  [26]  showed  that  ISO  increased  the 
level  of  Ah  receptor  in  mice  but  did  not  displace 
receptor-bound  3-methylcholanthrene  (3MC)  or 
2,3 ,7 ,8-tetr  achlorodibenzo-p  -  dioxin  (TCDD ) , 

both  of  which  interact  with  the  Ah  receptor  to 
induce  P450s.  Cook  and  Hodgson  [27]  also  dem¬ 
onstrated  that  there  was  comparable  induction  of 
P450  in  a  congenic  strain  of  C57  mice  which 
lacked  a  functional  Ah  receptor  and  in  Ah 
receptor-proficient  C57  mice.  MDP  compounds 
have  been  reported  to  induce  P450  isozymes  la-2 
and  2b-10  in  the  mouse  [22].  Some  investigators 
have  reported  that  P450  la-1  is  also  induced  in 
mice  by  MDP  compounds  [28].  In  induction 
studies  in  rats  using  4-«-alky  MDPs,  the  length  of 
the  alkyl  side  chain  affected  which  P450  isozymes 
were  preferentially  induced,  with  the  6-carbon 
side  chains  favoring  2B1,  the  rat  gene  most 
similar  to  mouse  2b-10  [28].  In  another  study, 
MDP  compounds  with  electron-donating  side 
chains  were  reported  to  be  P450  inducers,  while 
MDP  compounds  with  electron-withdrawing 
groups  were  not  [29]. 

Regulation  of  P450  isozymes  la-1,  la-2,  and 
2b-10  by  MDP  compounds  was  studied  in  our 
laboratory  by  measuring  levels  of  mRNA,  pro¬ 
tein  and  enzyme  activity  in  hepatic  tissue  from 
C57BL/6  (Ah  + )  and  DBA/2  (Ah-)  mice 
dosed  with  ISO  or  PBO  [23-25].  Increases  in 
la-2  and  2b-10  were  observed  for  ISO  and  PBO 
in  both  strains  of  mice,  suggesting  an  Ah  re¬ 
ceptor-independent  mechanism  for  induction  of 
these  isozymes;  la-1  induction,  however,  was 
seen  only  in  C57  mice  and  only  at  high  doses  of 
PBO.  Dose-response  studies  showed  maximum 
inducible  levels  for  la-2  and  2b-10  protein, 
beyond  which  the  mRNAs  continued  to  increase 
while  the  protein  levels  remained  constant. 

Further  studies  of  the  induction  of  the  P450 
isozymes  la-1,  la-2  and  2b-10  were  carried  out 
[23-25]  using  4  MDP  compounds,  SAF,  ISO, 
PBO,  and  SES,  and  the  non-MDP  analog  of 
SAF,  allyl  benzene  (AB),  in  male  C57BL/6N 
mice.  P450  la-1  was  not  detected  in  control 
animals,  and  was  induced  by  SES  and  PBO,  with 
SES  inducing  higher  levels  of  la-1  protein  than 
PBO.  P450  la-2  mRNA  was  detected  in  the 
livers  of  control  animals  and  was  increased  by  all 


MDP  compounds  (SES  >  PBO  =ISO  >  SAF), 
although  SAF  treatment  did  not  increase  la-2 
protein.  P450  2b-10  mRNA  and  protein,  not 
detected  in  untreated  animals,  were  also  in¬ 
creased  by  MDP  compounds  (PBO  >  SES 
=ISO>SAF).  AB  treatment  did  not  induce 
detectable  levels  of  la-1,  la-2,  or  2b-10,  sug¬ 
gesting  that  the  methylenedioxy  moiety  is  im¬ 
portant  in  induction. 

Recent  studies  [30],  using  the  closely  related 
benzodioxoles  5-t-butyl-l,3-benzodioxole,  5  -n- 
buty  1- 1 ,3-benzodioxole  and  5-(3-oxobutyl)-l,3- 
benzodioxole,  have  further  defined  the  in¬ 
volvement  of  this  class  of  compound  in  the 
regulation  of  P450  isozymes,  confirming  that 
even  in  the  Ah  +  C57BL/6  strain  of  mice,  none 
of  these  compounds  induced  cypla-1.  All  3 
induced  protein  and  mRNA  message  for  cypla-2 
while  the  t-butyl  analog  also  induced  both  pro¬ 
tein  and  message  for  cyp2b-10. 

Thus  all  of  the  studies  of  the  effects  of  MDP 
compounds  on  P450  in  mice  indicate  that  cypla-2 
is  induced  by  a  non-Ah  receptor-dependent 
mechanism.  This  is  currently  being  explored. 

2.3.  Tridip hane 

The  herbicide  synergist,  tridiphane,  (2-(3,5- 
dichlorophenyl)-2-(2,2,2-trichloroethyl)  oxirane) 
is  a  postemergent  herbicide  used  as  a  herbicide 
synergist  in  conjugation  with  atrazine,  its  activity 
being  attributed  to  its  ability  to  inhibit  gluta¬ 
thione  ^-transferases.  Tridiphane  is  also  known 
to  be  a  peroxisome  proliferator  and  to  induce 
epoxide  hydrolase  in  rodents  [31]. 

Tridiphane  is  an  excellent  example  of  a  pes¬ 
ticide  that  can  function  both  as  an  inhibitor  and 
an  inducer  of  P450  with  different  isozymes  spe¬ 
cificities  for  each  activity.  Tridiphane  appears  to 
selectively  inhibit  P450  2b-10  [32]  while  inducing 
P450  4a-l  [33]. 

2.4.  Mir  ex 

Previous  studies  in  our  laboratory  [34]  demon¬ 
strated  the  induction  of  P450  2b-10  protein  and 
associated  enzymatic  activities  by  acute  exposure 
to  both  mirex  and  chlordecone  (Kepone).  Sub¬ 
sequently  Adams  et  al.  (unpublished  data) 
showed  that  chronic  low-level  dermal  application 
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of  mirex  also  induced  P450  2b- 10  in  mouse  liver. 
The  enzymatic  activities  measured,  however, 
suggested  that  in  addition  to  2b-10  other  P450(s) 
were  induced.  We  have  recently  demonstrated 
the  induction  of  2  P450s  in  addition  to  cyp2b-10, 
namely  P450  la-2  and  3a.  It  is  of  interest  that 
both  1A2  and  3A3/4  are  constitutively  expressed 
in  both  human  and  mouse  liver.  Since  P450  3A3/ 
4  is  known  to  be  one  of  the  major  forms  in 
human  liver  and  to  be  involved  in  steroid  hy- 
droxylation  we  have  initiated  studies  in  conjunc¬ 
tion  with  Dr  G.  LeBlanc  to  determine  the  effect 
of  mirex  induction  on  testerone  hydroxylation  in 
both  male  and  female  mice.  These  studies  reveal 
differences  both  in  the  total  amount  of  hydroxy- 
lated  metabolites  produced  and  in  the  relative 
amounts  of  different  products  within  that  total, 
with  male  mice  being  significantly  more  affected 
than  female. 

2.5.  Human  iso  forms 

Recently  (Rose  et  al.,  unpublished  data)  we 
have  been  investigating  the  activity  of  human 
liver  microsomes  and  expressed  human  isoforms 
toward  pesticide  substrates.  The  activity  of 
human  liver  microsomes  toward  ethoxyresorufin, 
phorate  and  parathion  was  about  10%  of  the 
activity  of  mouse  liver  microsomes  toward  these 
same  substrates  although  hydroxylation  of  p- ni- 
trophenol  was  similar  for  both  species.  The 
human  isoforms  were  expressed  in  human 
lymphoblastoid  cell  lines  (Gentest  Corporation, 
Woburn,  MA)  except  in  the  case  of  isoforms 
from  the  2C  family  that  were  expressed  in  yeast 
by  Dr  J.A.  Goldstein  (NIEHS).  These  studies 
revealed  that  P450s  1A2,  2C8,  2C9,  2C18,  2C19, 
2E1  and  3A4  are  all  capable  of  metabolizing 
phorate  to  phorate  sulfoxide.  However,  P450 
2C18  is  clearly  the  most  active. 

Although  parathion  was  metabolized  by 
human  liver  monooxygenases  in  a  reaction  re¬ 
quiring  NADPH,  the  oxidation  product  paraox- 
on  was  not  observed,  only  p-nitrophenol  being 
detected.  Further  studies  revealed  that  paraoxon, 
on  incubation  with  human  liver  microsomes  in 
the  absence  of  NADPH,  was  rapidly  metabolized 
to  /?-nitrophenol,  a  reaction  not  affected  by 
carbon  monoxide.  These  results  strongly  suggest 


that  parathion  is  converted  to  paraoxon  which  is 
then  rapidly  hydrolyzed  by  microsomal  esterases 
to  /?-nitrophenol. 

3.  Factors  affecting  activity 

Many  studies  have  demonstrated  that  the 
oxidation  of  xenobiotics,  including  pesticides,  can 
be  affected  by  both  endogenous  and  exogenous 
factors.  The  former  includes  species,  strain,  age, 
gender,  and  hormonal  status  while  the  latter 
includes  such  factors  as  stress  and  diet.  Most  of 
these  studies  have  been  carried  out  on  reactions 
mediated  by  the  P450-dependent  monooxygen¬ 
ase  system  and,  in  the  case  of  pesticides,  have 
seldom  been  carried  out  on  individual  isoforms 
either  at  the  level  of  protein  or  mRNA  message. 
Virtually  nothing  is  known  of  the  role  of  exogen¬ 
ous  or  endogenous  factors  on  the  metabolism  of 
pesticides  by  FMO. 

Recently  [35]  we  have  examined  the  role  of 
gender  in  the  expression  of  FMO  isoforms  in 
mouse  liver.  While  it  has  long  been  known  that 
the  FMO  activity  toward  several  substrates  was 
higher  in  the  liver  of  female  than  that  of  male 
mice,  these  studies  were  carried  out  at  the  level 
of  substrate  oxidation  and  before  it  was  known 
that  several  different  isoforms  of  FMO  exist  in 
mammals.  Hepatic  FMO  activity  of  microsomes 
from  adult  CD-I,  Swiss-Webster,  C57BL/6  and 
DBA/2  mice  was  found  in  all  cases  to  be 
significantly  higher  in  females  than  in  males. 
Based  on  protein  and  mRNA  levels  in  CD-I 
mice,  it  was  shown  that  the  isoforms  responsible 
for  this  difference  were  FMOl  and  FM03, 
FM05  being  the  same  in  the  livers  of  either 
gender.  FMOl  was  2-3  times  higher  in  females 
than  in  males  while  FM03,  expressed  at  levels 
similar  to  those  of  FMOl  in  females,  was  not 
detected  in  males.  There  was  close  corre¬ 
spondence  between  protein  levels  and  mRNA 
levels  in  each  case.  Thus  in  mouse  liver  there  is  a 
gender-independent  isoform,  a  gender-depen¬ 
dent  isoform  and  a  gender-specific  isoform.  Nei¬ 
ther  FM02  nor  FM04  were  expressed  in  the 
liver  of  mice  of  either  gender.  This  effect,  while 
dramatic,  is  tissue  dependent.  FMOl,  FM03  and 
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FM05  are  expressed  at  similar  levels  in  the  lung 
and  kidney  of  CD-I  mice  of  either  gender. 

4.  Alternate  pathways 

4.1.  General  approach 

Since  P450  and  FMO  have  many  substrates  in 
common  but,  at  the  same  time,  these  substrates 
may  have  different  products  with  different  toxic 
potencies,  it  is  important  to  know  the  relative 
contribution  of  the  2  pathways  to  the  metabolism 
of  a  particular  substrate.  Furthermore,  in  con¬ 
trast  to  FMO  isozymes,  xenobiotic-metabolizing 
isozymes  of  P450  are  often  relatively  easily 
induced,  thus  making  the  relative  contributions 
variable  with  the  conditions  of  exposure.  Al¬ 
though  it  is  said  that  the  FMO  prefers  soft 
nucleophiles  as  substrates  and  P450  hard  nu¬ 
cleophiles,  with  the  exception  of  compounds 
oxidized  at  carbon  atoms,  this  applies  only  to  the 
relative  ability  of  compounds  to  serve  as  sub¬ 
strates  for  one  or  the  other,  since  it  is  difficult  to 
find  more  than  a  very  small  number  of  FMO 
substrates  that  are  not  also  substrates  for  one  or 
more  P450  isozymes. 

Such  substrates  may  have  complex  oxidation 
patterns  and  show  regioselectivity  in  the  sites 
attacked,  they  may  yield  different  products,  or 
different  isomers  of  the  same  product.  A  number 
of  methods  are  available  for  determining  the 
relative  contributions  of  FMO  and  P450,  includ¬ 
ing  extrapolation  from  the  properties  of  purified 
enzymes  (or  from  isozymes  cloned  and  expressed 


in  expression  systems),  the  use  of  product  specific 
substrates,  the  use  of  enzyme  specific  substrates 
or  the  manipulation  of  microsomes  in  which  both 
enzymes  are  found.  This  latter  technique,  using 
selective  heat  treatment  to  inactivate  FMO  or  an 
antibody  to  the  NADPH-P450  reductase  to 
inactivate  P450  has  proven  most  useful  in  our 
hands,  particularly  in  the  case  of  hepatic  en¬ 
zymes. 

4.2 .  Phorate 

The  insecticide,  phorate,  undergoes  a  complex 
series  of  oxidations  (Fig.  1).  The  products  are 
generally  more  toxic  than  phorate  and  the  reac¬ 
tion  sequence  is,  therefore,  an  activation  se¬ 
quence.  This  substrate  has  continued  to  prove 
useful  in  examining  the  relative  importance  of 
FMO  and  P450. 

FMO  forms  only  phorate  sulfoxide  while  P450 
yields  additional  products.  The  sulfoxidation 
reaction  is  stereospecific  with  FMO  producing 
the  ( -  )-sulfoxide  and  several  P450  isozymes  the 
(  +  )-sulfoxide.  While  both  sulfoxide  isomers  are 
substrates  for  all  P450  isozymes  tested,  the  (  +  )- 
sulfoxide  is  always  preferred  to  the  ( -  ^sulfox¬ 
ide  [36].  The  relative  contribution  of  FMO  to 
sulfoxide  formation  is  higher  in  female  than  in 
male  mice  in  agreement  with  the  studies  of 
gender  effects  described  above.  Although  overall 
sulfoxide  formation  is  higher  in  the  liver  than  in 
any  extra-hepatic  tissue,  the  relative  contribution 
of  the  FMO  is  higher  in  lung,  kidney  and  skin, 
being  as  high  as  90%  of  the  total  in  renal 
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Fig.  1.  Metabolism  of  the  insecticide,  phorate,  by  cytochrome  P450  and  the  flavin-containing  monooxygenase. 
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microsomes  from  female  mice.  Furthermore,  the 
contribution  of  FMO  relative  to  P450  is  in¬ 
creased  following  treatment,  in  vivo,  with  P450 
inhibitors  such  as  PBO,  or  decreased  following 
treatment,  in  vivo,  with  P450  inducers  such  as 
phenobarbital  [37,38]. 

5.  Portals  of  entry  and  target  tissues 

Alternate  pathways  and  the  relative  impor¬ 
tance  of  different  enzyme  systems  in  non-hepatic 
tissues  is  of  considerable  importance.  In  the  case 
of  portals  of  entry,  not  only  is  this  the  first  line  of 
oxidative  attack  but  in  both  pulmonary  and 
dermal  entry,  first  pass  through  the  liver  is 
avoided.  In  the  case  of  target  tissues  it  is  prob¬ 
able  that  events  taking  place  close  to  the  site  of 
action,  while  quantitatively  lower  than  similar 
events  in  the  liver  may,  by  proximity,  be  more 
important. 

5.1.  Metabolism  in  target  tissues  and  portals  of 
entry 

The  general  methods  for  examination  of  the 
importance  of  different  oxidative  pathways  and 
the  metabolism  of  the  insecticide  phorate  have 
been  discussed  [2,4,5]  along  with  the  expression 
of  the  FMO  in  target  tissues  and  portals  of  entry. 
We  have  also  studied  additional  pesticide  sub¬ 
strates  in  mouse  skin  [39].  In  these  studies  the 
P450  content,  the  cytochrome  c  reductase  activi¬ 
ty,  the  metabolism  of  a  variety  of  P450  pesticide 
substrates,  and  the  presence  and  role  of  FMO  in 
xenobiotic  metabolism  were  studied  in  skin  mi¬ 
crosomes  and  compared  to  those  of  liver.  The 
P450  content  of  skin  as  determined  by  CO- 
dithionite-reduced  minus  CO-oxidized  spectra 
was  approximately  6.8%  of  the  liver  P450  con¬ 
tent.  By  comparison,  cytochrome  c  reductase 
activity  in  skin  microsomes  was  high,  being 
equivalent  to  approximately  one-third  of  the 
liver  microsomal  enzyme  activity.  Skin  micro¬ 
somes  metabolized  several  known  P450  sub¬ 
strates  and,  depending  upon  the  substrated  used, 
the  specific  activity  ranged  from  2.5  to  13.4%  of 
the  corresponding  rates  seen  in  liver  microsomes. 
Skin  microsomes  exhibited  the  highest  enzymatic 


activity  with  benzo[tf]pyrene  and  ethox- 
yresorufin,  moderate  activity  with  parathion  and 
aldrin  and  low  activity  with  benzphetamine  and 
ethoxycoumarin.  Skin  microsomes  also  metabo¬ 
lized  the  triazine  herbicides  atrazine,  simazine, 
and  terbutryn,  with  the  activity  being  2-5%  of 
the  liver  microsomal  activity.  FMO  activity  in 
skin  microsomes  with  thiobenzamide  and 
methimazole  as  substrates  ranged  from  10  to 
20%  of  the  liver  FMO  activity.  Immunohistoch- 
emical  studies  using  antibodies  to  mouse  liver 
FMO  showed  localization  primarily  in  the  epi¬ 
dermis.  Additional  studies  using  pig  skin  showed 
a  similar  distribution  pattern.  Antibodies  de¬ 
veloped  to  mouse  liver  FMO  and  the  constitutive 
liver  P450  isozyme,  1A2,  showed  cross-reactivity 
on  Western  blots  with  proteins  in  skin  micro¬ 
somes  that  appeared  identical  to  the  cross-react¬ 
ing  proteins  present  in  liver  microsomes.  The 
relative  contribution  of  P450  and  FMO  in  mouse 
skin  to  the  sulfoxidation  of  phorate  was  investi¬ 
gated  and  compared  to  that  of  liver  microsomes. 
Several  procedures  were  employed  to  selectively 
inhibit  either  P450  or  FMO  so  that  the  role  of 
each  monooxygenase  system  in  the  absence  of 
the  other  system  could  be  determined.  As  in  the 
lung  and  kidney  FMO  in  the  skin  proved  to  be 
relatively  more  important  than  P450  for  the 
sulfoxidation  of  phorate.  In  liver  microsomes, 
P450  was  responsible  for  68-85%  of  the  phorate 
sulfoxidation  activity.  In  contrast,  in  skin  micro¬ 
somes  66-69%  of  the  phorate  sulfoxidation  ac¬ 
tivity  was  due  to  FMO,  while  P450  was  respon¬ 
sible  for  the  remainder  of  the  activity.  Thus, 
although  the  overall  phorate  sulfoxidation  rate  in 
mouse  skin  microsomes  was  only  3-4%  of  the 
rate  seen  in  liver,  FMO  appears  to  assume  a 
greater  relative  role  to  P450  in  the  metabolic 
processes  in  skin.  We  have  also  observed,  by 
immunocytochemical  methods,  the  distribution 
of  FMO  in  the  skin.  Its  distribution  was  primarily 
in  the  epidermis. 

Studies  in  the  laboratory  of  Dr  Mary  Beth 
Genter  (pers.  commun.)  utilizing  immunocyto¬ 
chemical  methods  have  revealed  that  at  least  2 
isozymes  of  the  FMO  are  present  in  the  olfactory 
epithelium.  FM03  is  broadly  distributed  while 
FMO  1  has  a  more  restricted  distribution. 
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5.2.  Thioridazine 

Many  drugs,  including  antipsychotics,  mono¬ 
amine  oxidase  inhibitors  and  antihistamines  are 
substrates  for  the  FMO.  The  antipsychotic  drug, 
thioridazine  (TDZ),  is  an  excellent  substrate  for 
examining  the  relative  importance  of  different 
oxidative  pathways  since  it  is  oxidized  at  multiple 
sites  by  both  FMO  and  P450  (Fig.  2). 

Based  primarily  on  examination  of  urinary  and 
serum  metabolite  profiles,  5-oxidation  appears  to 
be  the  predominant  route  of  metabolism  in 
humans,  producing  the  2-sulfoxide,  the  2-sulfone 
and  the  5-sulfoxide.  The  2-sulfoxide  and  the  2- 
sulfone  are  known  to  have  greater  antipsychotic 
activity  than  the  parent  compound,  while  the  ring 
sulfoxides  may  be  responsible  for  the  cardiotoxic 
side  effects  sometimes  seen  with  TDZ  (see  [4,5] 
for  references). 

Metabolism  by  hepatic  microsomes  from  the 
mouse  yielded  primarily  the  2-sulfoxide  of  TDZ 
with  significant  amounts  of  the  5 -sulfoxide,  the 
N-oxide,  the  N-demethyl  derivative  and  the  2- 
sulfoxide-7V-oxide  [40].  Heat  treatment  of  micro¬ 
somes  to  selectively  destroy  the  FMO  or  treat¬ 
ment  with  an  antibody  to  the  NADPH-P450 
reductase  to  inhibit  P450  isozymes  revealed  that 
the  N-oxide  was  the  principal  metabolite  derived 
from  the  FMO,  while  the  2-sulfoxide  and  the 
other  products  were  derived  primarily  from  one 
or  more  isozymes  of  P450. 

Studies  using  FMO  purified  from  mouse  liver 


\ 


have  shown  the  N-oxide  of  TDZ  to  be  the 
principal  and,  perhaps  the  only,  product  of  TDZ 
metabolism  by  this  enzyme.  Similar  experiments 
using  P450  2D6  reveal  that  the  2-sulfoxide  of 
TDZ  (mesoridazine)  is  the  principal,  but  not  the 
only,  metabolite  of  TDZ  and  this  P450  isozyme. 
Similar  experiments  have  been  carried  out  with 
P450  isozymes  2E1  and  2B1. 

Since  TDZ  and  several  of  its  metabolites  show 
similar  biological  activity,  the  possible  occur¬ 
rence  and  role  of  FMO  in  the  nervous  system 
appears  to  be  important.  Previous  studies  in¬ 
dicating  the  possible  occurrence  of  the  FMO  in 
rat  corpus  striatum  and  whole  brain  microsomes 
could  not  be  duplicated.  Our  results,  using  micro¬ 
somes  prepared  from  mouse  brain,  of  substrate 
level  oxidations  and  Western  blotting  with  an 
antibody,  a  form  of  FMO  purified  from  mouse 
liver,  while  not  negative,  were  equivocal.  In 
order  to  determine  the  presence  of  FMO  mRNA 
in  rabbit  brain  we  have  recently  (Blake  et  al., 
unpublished  data),  in  conjunction  with  Dr.  R.M. 
Philpot,  utilized  polymerase  chain  reaction 
(PCR)  techniques  to  demonstrate  FMO  in  the 
nervous  system  of  the  rabbit.  Recently,  5  forms 
of  MFO  [1-5])  have  been  identified  in  rabbit 
hepatic  and  extrahepatic  tissues  [15],  most  tissues 
expressing  more  than  one  form.  PCR  amplifica¬ 
tion  of  cDNA  was  performed  using  primers 
specific  for  each  of  the  5  forms  of  FMO  found  in 
rabbit  tissues.  The  data  suggest  that  1  form, 
apparently  form  4,  is  expressed  in  rabbit  brain. 
This  FMO  has  recently  been  cloned  and  se¬ 
quenced  from  a  human  liver  cDNA  library  [41]. 

The  substrate  specificity  of  FM04  has  not 
been  determined.  If  it  is  a  metabolically  active 
protein,  the  inability  to  detect  its  presence  in 
brain  is  probably  due  to  its  localization  in  certain 
brain  regions  or  cell  types.  Studies  are  in  pro¬ 
gress  to  confirm  the  presence  of  1E1  message  in 
brain  and  to  utilize  immunocytochemical  and  in 
situ  hybridization  techniques  to  localize  the  iso¬ 
zyme  in  the  brain. 

6.  Conclusions 

The  interactions  of  pesticides  with  P450,  FMO 
and  other  Phase  I  and  Phase  II  enzymes  have 
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been  studied  for  some  time.  However,  isozyme 
specificity  for  metabolism,  induction  and  inhibi¬ 
tion  is  still  little  understood.  If  toxicology  is  to 
serve  the  public  interest  by  carrying  out  the  kind 
of  studies  that  protect  public  health,  but  at  the 
same  time  allow  efficient  vector  control  and  the 
production  of  food  and  fiber,  a  more  holistic 
approach  will  be  necessary.  It  is  not  sufficient  to 
know  whether  or  not  an  agricultural  chemical  is  a 
substrate  for  microsomal  oxidation.  A  number  of 
other  questions  must  be  addressed:  what  are  the 
specific  enzymes  and  isoforms  involved?  is  the 
reaction  an  activation  or  a  detoxication  reaction? 
does  induction  and/or  inhibition  occur?  what  is 
the  relationship  to  other  Phase  I  and  to  Phase  II 
enzymes?  how  are  these  relationships  changed  by 
other  xenobiotics?  what  interactions  occur  at 
portals  of  entry  and  sites  of  toxic  action?  Only 
with  this  type  of  fundamental  information  can 
applied  problems  in  the  field  be  addressed. 
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Abstract 

The  widespread  use  of  insecticides  has  amounted  to  a  large  scale  ‘experiment  in  natural  selection  of  insects  by 
chemicals  of  toxicological  importance  to  humans.  Specific  examples  in  which  the  molecular  basis  of  insecticide 
resistance  has  been  studied  in  detail  are  presented  here.  The  biochemical /physiological  mechanisms  of  resistance 
can  be  categorized  as  target  site  insensitivity,  increased  metabolic  detoxification  and  sequestration  or  lowered 
availability  of  the  toxicant.  These  are  achieved  at  the  molecular  level  by:  point  mutations  in  the  ion  channel  portion 
of  a  GABA  receptor  subunit  (cyclodiene  insecticides);  point  mutations  in  the  vicinity  of  the  acetylcholinesterase 
(AChE)  active  site  (organophosphorus  and  carbamate  insecticide  resistance);  amplification  of  esterase  genes 
(organophosphorus  and  carbamate  insecticides);  mutations  linked  genetically  to  a  sodium  channel  gene  (DDT  and 
pyrethroid  insecticides);  and  yet  uncharacterized  mutations  leading  to  the  up-regulation  of  detoxification  enzymes, 
such  as  cytochrome  P450  and  glutathione  5-transferases  (many  classes  of  insecticides).  In  several  cases,  the  selection 
of  a  precisely  homologous  mutation  has  been  observed  in  different  insect  species. 

Keywords:  Pesticides;  GABA  gated  CT -channel;  Acetylcholinesterase;  Na+ -channel;  Cytochrome  P450;  Gluta¬ 
thione  5-transferases;  Esterases 


1.  Introduction 

Perhaps  the  most  serious  consequence  of  wide¬ 
spread,  indiscriminate  use  of  insecticides  is  the 
development  of  insecticide  resistance.  More  than 
500  species  of  insects  and  mites  are  reported  to 
have  developed  resistance  to  one  or  more  classes 
of  insecticides  [1].  A  number  of  agricultural  pests 
and  disease  vectors  are  so  resistant  in  some  areas 
of  the  world  that  chemical  control  has  become 
extremely  difficult.  The  list  of  effective  insec¬ 
ticides  for  the  control  of  crop  pests  and  disease 
vectors  is  rapidly  shrinking.  Meanwhile,  fewer 
new  insecticides  are  being  introduced  to  the 
market,  largely  because  of  the  high  costs  associ¬ 
ated  with  research,  development  and  registra¬ 


tion,  and  the  prognosis  of  a  limited  effective 
lifespan  of  the  new  insecticide.  The  impact  of 
insecticide  resistance  in  toxicology  is  2-fold:  (1) 
the  insecticide  ‘treadmill’  has  lead  to  the  intro¬ 
duction  of  a  huge  arsenal  of  sometimes  highly 
toxic  chemicals  in  the  environment,  and  several 
have  become  problem  pollutants  over  the  last  50 
years;  (2)  the  immediate  reaction  to  insecticide 
resistance  by  pest  control  practitioners  has  tradi¬ 
tionally  been  an  increase  in  the  dosage,  thus 
compounding  the  problems  of  resistance  and 
environmental  contamination. 

The  study  of  insecticide  resistance  at  the 
molecular  level  has  uncovered  a  number  of  ways 
in  which  animals  can  survive  in  toxic  environ¬ 
ments.  The  nature  of  the  mutational  events  that 
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lead  to  resistance  in  insects  should  not  be  ex¬ 
pected  to  be  intrinsically  different  from  those 
that  are  responsible  for  the  genetic  variation  of 
human  responses  to  xenobiotics.  Indeed,  insects 
and  vertebrates  share  many  of  the  favorite 
targets  for  'insecticidal1  action  and  they  share 
many  of  the  metabolic  detoxification  systems. 
Selectivity  of  insecticides  is  achieved  either  when 
insects  and  vertebrates  do  not  share  a  target  (e.g. 
the  selectivity  of  juvenile  hormone  agonists)  or 
when  they  follow  different  metabolic  pathways 
(e.g.  the  low  vertebrate  toxicity  of  malathion). 

Resistance  marks  a  genetic  change  in  response 
to  selection.  Individuals  carrying  genetic  traits 
for  coping  with  the  chemically  hostile  environ¬ 
ment  survive  and  reproduce,  thereby  passing  on 
these  traits  to  their  progeny.  Continued  selection 
pressure  exerted  by  the  insecticide  rapidly  in¬ 
creases  the  frequency  of  the  genetic  trait  (resist¬ 
ance)  in  the  population.  I  present  here  a  brief 
overview  of  molecular  mechanisms  (types  of 
mutations)  that  lead  to  insecticide  resistance. 

2.  Physiological/ biochemical  and  molecular 
mechanisms  of  resistance 

Genetic  and  biochemical  studies  have  contrib¬ 
uted  immensely  to  our  understanding  of  resist¬ 
ance.  There  are  2  ways  in  which  organisms  can 
become  resistant  to  xenobiotics  such  as  pesti¬ 
cides:  either  by  modifying  the  effective  dose  of 
the  pesticide  available  at  the  target  site  or  by 
modifying  the  target  site  itself.  Thus,  classically 
recognized  mechanisms  of  resistance  such  as 
behavioral  resistance,  reduced  penetration  or 
absorption,  sequestration  and  detoxification  all 
contribute  to  decrease  the  dose  of  the  pesticide, 
whereas  a  decreased  target  site  sensitivity  or  a 
modification  of  target  site  number  will  contribute 
to  render  a  dose  of  pesticide  ineffective.  In-depth 
discussions  of  these  mechanisms  are  given  in 
Roush  and  Tabashnik  [2].  Molecular  mechanisms 
of  resistance  are  classified  according  to  the  type 
of  genetic  change  selected  by  the  insecticide 
pressure:  point  mutations  in  structural  genes,  or 
modifications  in  the  number  or  activity  of  genes. 


3.  Point  mutations  in  structural  genes: 
cyclodiene  resistance  and  acetylcholinesterase 
insensitivity 

Nucleotide  deletions,  additions,  or  substitu¬ 
tions  in  the  DNA  may  alter  the  amino  acid 
sequence  of  a  protein.  Point  mutations  in  the 
target  sites  of  several  herbicides  and  fungicides 
are  known  to  confer  pesticide  resistance.  Two 
such  examples  are  also  known  in  insects,  and 
illustrate  the  power  of  Drosophila  as  a  model 
system  for  insecticide  resistance  in  general  [3], 

3.1.  Point  mutation  in  the  Rdl  gene  of 
Drosophila  [4] 

Elucidation  of  the  molecular  mechanisms  of 
cyclodiene  insecticide  resistance  in  Drosophila 
followed  a  logical,  ab  initio  approach  that  led  to 
the  cloning  of  the  first  invertebrate  GABA 
receptor  subunit.  Field-collected  populations  of 
Drosophila  were  screened  for  dieldrin  resistance. 
A  homozygous  strain  with  4000  X  resistance  was 
isolated,  and  the  resistance  gene  (Rdl)  mapped 
genetically  at  26  cM  on  the  left  arm  of  chromo¬ 
some  III.  Deficiency  mapping  and  irradiation- 
induced  rearrangements  allowed  a  more  precise 
localization  to  the  cytological  region  66F.  The 
resistance  gene  was  then  uncovered  by  P 
element-mediated  transformation  of  flies  with  a 
cosmid  clone  obtained  from  a  chromosomal  walk 
in  that  region.  The  cosmid  clone  contained  a 
susceptible  copy  of  the  Rdl  gene,  thus  ‘rescuing1 
susceptibility  in  resistant  flies.  Screening  of  a 
cDNA  library  with  a  fragment  of  this  cosmid 
clone  yielded  a  clone  encoding  a  GABA  re¬ 
ceptor  subunit.  This  confirmed  earlier  pharmaco¬ 
logical  evidence  that  had  pointed  to  the  picrotox- 
inin  binding  site  on  GABAa  receptors  as  the 
likely  neuronal  target  of  cyclodiene  insecticides. 
Expression  of  the  cDNA  in  Xenopus  oocytes 
demonstrated  a  functional,  homo-oligomeric 
GABA-gated  chloride  channel. 

Sequencing  of  Rdl  in  resistant  flies  revealed  a 
single  common  point  mutation  of  Ala302  to  Ser. 
This  mutation  is  located  in  the  second  membrane 
spanning  region  of  the  channel  subunit,  lining  the 
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chloride  ion  pore.  Site-directed  mutagenesis  of 
the  susceptible  cDNA  and  expression  in 
Xenopus  oocytes  showed  that  this  mutation  leads 
to  channels  insensitive  to  block  by  dieldrin. 

Armed  with  a  molecular  diagnostic,  a  number 
of  dieldrin-resistant  and  susceptible  strains  were 
screened.  The  Ala302  to  Ser  mutation  was  absent 
in  122  susceptible  strains,  and  present  in  58 
resistant  strains  of  Drosophila  melanogaster  from 
around  the  world.  The  only  observed  fitness  cost 
of  this  mutation  is  a  temperature-sensitive  phe¬ 
notype,  i.e.  temporary  paralysis  at  38°C.  Most 
remarkably  perhaps,  was  the  subsequent  demon¬ 
stration  that  an  identical  mutation  is  found  in 
cyclodiene-resistant  strains  of  a  number  of  other 
insect  species.  In  2  species,  the  homologous  Ala 
residue  is  mutated  to  Gly  instead  of  Ser  (Table 
!)• 

The  molecular  diagnostic  for  target  site  resist¬ 
ance  to  cyclodiene  insecticides  also  allowed  an 
accurate  determination  of  resistance  frequency  in 
a  relatively  small  samples  of  flies  collected  in  the 
field.  Resistance  frequency  was  shown  to  be  as 
high  as  1%,  even  though  wild  populations  of 
Drosophila  in  the  US  have  apparently  not  been 
under  cyclodiene  selection  pressure  for  many 
years  [4]. 


3.2.  Point  mutations  in  the  Ace  gene  of 
Drosophila 

Reduced  sensitivity  of  acetylcholinesterase 
(AChE)  is  a  well-characterized  biochemical 
mechanism  of  insecticide  resistance.  Higher  Km 
and  lower  kt  values  for  organophosphorus  and 
carbamate  insecticides  in  resistant  strains  indi¬ 
cated  structural  alterations  in  the  active  site  of 
the  enzyme  [5].  In  turn,  these  alterations  in 
protein  structure  may  be  attributed  to  changes  in 
the  amino  acid  sequence  of  the  target  protein. 

The  structural  gene,  called  Ace ,  coding  for  the 
AChE  specifically  expressed  in  the  central  ner¬ 
vous  system  of  Drosophila  melanogaster  has 
been  cloned,  sequenced  and  extensively  char¬ 
acterized.  Because  Ace  is  a  single  locus  that  was 
known  a  priori  to  be  involved  in  resistance,  a 
directed  search  for  point  mutations  was  justified. 
Comparisons  of  the  coding  sequences  of  the  Ace 
gene  of  susceptible  and  resistant  Drosophila 
strains  revealed  5  point  mutations  at  4  positions 
in  the  resistant  strains  [6].  In  one  strain,  muta¬ 
tions  at  all  4  positions  are  present  in  the  same 
gene  (Table  2).  These  point  mutations  were 
introduced  in  a  minigene  construct  devoid  of  the 
carboxy  terminus  coding  sequence.  Thus  expres¬ 
sion  of  a  soluble  protein  in  Xenopus  oocytes 


Table  1 

Conserved  M2  region  of  the  Rdl  GABA  receptor  subunit  in  various  insect  species 


Ala  Arg  Val  Ala  Leu  Gly  Val  Thr  Thr 

Residue  at  the  Ala302  position 

S-strain 

R-strain 

Drosophila  melanogaster 

Ala  (122  strains) 

Ser  (58  strains) 

Drosophila  simulans 
(2  alleles  found) 

Ala 

Ser/ Gly 

Aedes  aegypti 
(mosquito) 

Ala 

Gly 

Periplaneta  americana 
(cockroach) 

Ala 

Ser 

Musca  domestica 
(house  fly) 

Ala 

Ser 

Tribolium  castaneum 
(flour  beetle) 

Ala 

Ser 

Hypothenemus  hampei 
(coffee  berry  borer) 

Ala 

Ser 

Bemisia  tabaci 
(whitefly) 

Ala 

Ser 

Adapted  from  ffrench-Constant  [4]. 


86 


R.  Feyereisen  I  Toxicology  Letters  82! S3  (1995)  S3- 90 


Table  2 

Point  mutations  in  AChE  insensitive  to  organophosphates/carbamates 


Phe 1 1  s 

Ilelw 

Gly 

Phe  ,  s 

Drosophila  S 

R  Saltillo 

Ser 

Val 

Ala 

Tvt 

R  Bygdea 

- 

Val 

- 

Ala 

R  Pierrefeu 

- 

Thr 

_ 

Ala 

R  MH19 

- 

- 

- 

- 

Tyr 

- 

House  fly  S 

R77M 

Val,s" 

Leu 

Gly 

Ala 

Phe  27 

Tyr 

Gly  ' 

RCH2 

- 

- 

- 

Ala 

Tvr 

R49R 

- 

- 

- 

- 

Ala 

Val  ,  Gly"  %  Phe  '  and  Gly2<°  in  the  house  fly  correspond  to  Val220,  Gly  w,  Phe 
the  Glu  residue  of  the  AChE  catalytic  triad. 

Adapted  from  Mutero  et  al.  [6]:  Williamson  [7], 


and  Gly4"'’  in  Drosophila.  Gly  MO  is  adjacent  to 


allowed  a  functional  characterization  of  these 
mutations,  either  alone,  or  in  some  of  the  combi¬ 
nations  found  in  resistant  strains  collected  from 
the  field.  The  results  clearly  indicated  that  multi¬ 
ple  mutations  caused  higher  levels  of  insensitivity 
to  organophosphates  and  carbamates  [6]. 

Multiple  mutations  in  the  same  gene  may 
result  either  from  the  accumulation  of  mutations, 
or  from  the  recombination  between  genes  carry¬ 
ing  single  mutations.  This  interesting  problem 
has  not  been  clearly  resolved,  but  there  are 
indications  favoring  the  second  possibility.  Clear¬ 
ly,  this  would  have  important  implications  in 
resistance  management,  particularly  with  regard 
to  migration,  population  size  and  fitness  of  the 
individual  mutants  in  the  absence  of  insecticide 
selection. 

Because  the  3-dimensional  structure  of  a 
model  AChE,  the  electric  organ  enzyme  from 
Torpedo  californica,  has  been  determined  by  X- 
ray  analysis,  alignment  of  the  Drosophila  se¬ 
quence  has  allowed  a  discussion  of  the  possible 
influence  of  these  mutations  on  substrate  or 
inhibitor  binding  in  the  active  site  gorge  of 
AChE. 

The  enzyme  has  also  been  sequenced  in  other 
insect  species,  and  recently  the  mutations  confer¬ 
ring  resistance  in  the  house  fly  AChE  have  been 
determined  [7].  Mutations  at  4  sites  were  ob¬ 


served,  2  of  which  at  residues  homologous  to 
those  determined  in  Drosophila  (Table  2). 

The  evidence  gathered  to  date  on  Rdl  and  Ace 
point  mutations  allows  2  interim  conclusions. 
First,  that  Drosophila  is  a  powerful  and  predic¬ 
tive  model  for  major  insect  pest  species.  Second, 
that  the  ‘choice4  of  point  mutations  that  lead  to  a 
modified  sensitivity  to  xenobiotics  upon  selection 
is  probably  most  limited  in  target  molecules  that 
are  most  conserved  across  taxonomical 
boundaries.  This  is  also  a  conclusion  that 
emerges  from  studies  on  herbicide  resistance  in 
photosystem  II. 

4.  Gene  amplification:  esterases  and  resistance 
to  organophosphorus  and  carbamate 
insecticides 

DNA  amplification  events  create  additional 
copies  of  chromosomal  sequences  (including 
functional  genes)  which  can  survive  in  either 
intra-  or  extrachromosomal  forms.  This  phenom¬ 
enon  was  first  extensively  documented  in  tumor 
cells  and  permanent  cell  lines,  for  instance  meth¬ 
otrexate  resistance  resulting  from  the  amplifica¬ 
tion  of  the  target  dihydrofolate  reductase  [8]. 
Initially  regarded  as  abnormal  events  occurring 
in  tissue  cultures,  DNA  amplification  is  now 
amply  documented  in  whole  organisms  where 
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expression  of  the  gene  product  must  be  faster 
than  can  be  achieved  by  transcription  from  only 
a  single  copy  of  the  gene  [8].  At  this  point,  it 
must  be  emphasized  that  DNA  amplification  per 
se  does  not  bring  about  resistance.  The  amplified 
gene  must  be  transcribed  and  translated  (over¬ 
expressed)  into  functional  protein  products  for 
expression  of  the  resistance  trait. 

Devonshire  and  Sawicki,  working  with  organo- 
phosphorus-resistant  populations  of  the  aphid 
Myzus  persicae,  first  invoked  a  simple  model  of 
‘a  succession  of  tandem  duplications  of  the 
structural  gene’  for  an  insecticide-associated  es¬ 
terase  (esterase  E4).  In  a  series  of  progressively 
more  resistant  clones,  progressive  elevation  of 
titers  of  E4  correlated  with  the  degree  of  ob¬ 
served  resistance.  Esterase  E4  (and  the  closely 
related  FE4)  confer  broad  resistance  to  insectici¬ 
dal  esters  [9],  In  vitro  translation  of 
poly(A)  +  RNA  from  3  clones  showed  elevated 
levels  of  E4-  or  FE4-encoding  mRNAs  in  the 
resistant  clones.  Direct  evidence  for  an  up  to 
64-fold  amplification  of  the  E4  esterase  in  M. 
persicae  was  obtained  when  a  cDNA  clone  was 
used  to  probe  the  genomes  of  susceptible  and 
various  resistant  aphid  clones  [9].  Reversion  of 
resistance  without  loss  of  the  amplified  sequences 
involves  in  a  still  obscure  way  the  DNA  methyla- 
tion  status  of  the  esterase  genes. 

Evidence  for  DNA  amplification  of  esterase 
genes  was  also  obtained  in  a  number  of  insec¬ 
ticide-resistant  strains  of  the  Culex  pipiens  / quin- 
quefasciatus  complex.  Resistant  mosquitoes  from 
around  the  world  have  been  characterized  over 
the  last  few  years,  revealing  amplification  of 
several  closely  related  esterases  (Table  3).  Al¬ 
though  migration  was  invoked  as  a  major  cause 


of  the  worldwide  distribution  of  amplified  ester¬ 
ase  B2  [10],  it  is  equally  likely  that  multiple 
amplification  events  have  taken  place. 

A  molecular  analysis  of  the  amplification  unit 
(or  amplicon)  of  esterases  in  aphids  and  mos¬ 
quitoes  revealed  that  amplification  of  genomic 
sequences  extends  far  beyond  the  esterase  gene 
itself  [9].  The  B1  esterase  of  mosquitoes  is  a  2.8 
kb  gene  found  250  times  as  an  amplicon  of 
approximately  30  kb,  with  a  core  of  25  kb.  The 
E4  esterase  of  aphids  is  a  4.3  kb  gene,  amplified 
up  to  64-fold  as  an  amplicon  of  about  25  kb.  This 
is  consistent  with  observations  on  other  xeno- 
biotic-related  amplification  events  in  eukaryotes 
[8]. 

Because  the  amplified  esterase  can  account  for 
a  very  significant  percentage  of  the  total  protein 
of  the  insect  (up  to  3%  in  most  resistant  aphids), 
is  the  amplified  esterase  merely  a  sponge  that 
sequesters  the  insecticide?  In  other  words,  does 
resistance  result  from  hydrolysis  or  sequestration 
of  the  insecticide?  The  kinetic  constants  (affinity, 
bimolecular  rate  of  formation  of  the  acylated 
enzyme,  hydrolysis /deacylation  rate)  for  each 
esterase  and  each  substrate  need  to  be  measured. 
A  comparison  of  the  aphid  E4  and  the  mosquito 
A2/B2  esterases  [12]  indicated  that  hydrolysis 
was  the  major  role  of  the  aphid  E4  esterase, 
whereas  the  mosquito  A2/B2  esterases  play  a 
predominant  sequestration  role  (Table  4). 

5.  Regulatory  changes  in  gene  expression 

DNA  amplification  is  a  mechanism  whereby 
overabundance  of  a  gene  product  is  achieved  by 
a  multiplication  of  the  gene  itself,  but  there  are 
molecular  mechanisms  responsible  for  increased 


Table  3 

Amplified  esterases  in  Culex  pipiens  I quinquefasciatus  mosquitoes 


Origin 

Esterase 

Copies 

Esterase  levels 

Chlorpyrifos  resistance 

North  America 

B1 

250  X 

500  x 

800 X 

Africa,  Asia,  N.  America 

A2  B2 

60  X 

- 

- 

France 

A1 

- 

70X 

100X 

France 

A4  B4 

25  X 

50  x 

6.6X 

Cyprus 

B5 

250  x 

500X 

95  x 

Adapted  from  [9-11]. 
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Table  4 


Esterase  amplification  in  insects:  sequestration  or  metabolism? 

pmol/  insect  (%  total  protein) 

Paraoxon 

Sequestered  (ng) 

Hydrolysis /h  (%  ) 

Mosquito  A2/B2 

7.7 

2.1 

5.6 

Culex  quinquefasciatus 

(0.4) 

Aphid  E4 

10 

2.5 

33.2 

Myzus  persicae 

(3) 

Adapted  from  Karunaratne  et 

al.  [121. 

expression  of  non-amplified  structural  gene  se¬ 
quences.  Conversely,  gene  expression  can  be 
decreased.  Various  types  of  mutations  can  lead  to 
changes  in  gene  expression  and  these  can  occur 
in  cis  (for  instance  disruption  or  deletion  of  an 
upstream  regulatory  element  of  the  gene, 
whether  this  element  is  enhancing  or  repressing 
gene  expression)  or  in  trans  (for  instance  disrup¬ 
tion  of  a  gene  coding  for  a  protein  that  binds  to 
the  above-mentioned  cis  elements).  It  is  clear 
that  evidence  for  regulatory  changes  in  gene 
expression  are  more  difficult  to  obtain  and  to 
describe  accurately  in  molecular  terms. 

Regulatory  changes  appear  to  be  involved  in 
cases  of  metabolic  resistance,  specifically  in  those 
instances  where  glutathione  5-transferases  (in¬ 
cluding  DDT-dehydrochlorinase)  and  cyto¬ 
chrome  P450  monooxygenases  play  a  role  in 
insecticide  metabolism.  Since  both  groups  of 
enzymes  are  multigene  families  comprising  many 
genes  that  have  evolved  by  repeated  duplication/ 
divergence  events,  there  may  be  significant  re¬ 
dundancy  in  the  catalytic  function  of  the  gene 
products.  This  in  turn  may  allow  mutations 
affecting  gene  expression  of  one  or  more  of  these 
genes  to  arise  and  to  be  selected  by  insecticide 
pressure. 

Overexpression  of  glutathione  5-transferases 
(GST)  has  been  documented  in  resistant  strains 
of  several  insect  species.  In  the  yellow  fever 
mosquito,  Aedes  aegypti ,  overexpression  of  GST- 
2  is  controlled  by  a  trans-acting  regulatory  locus 
[D]. 

The  P450  gene  CYP6A1  cloned  from  a  resis¬ 
tant  strain  of  the  house  fly  is  overexpressed  in  a 
number  of  strains.  Gene  amplification  as  a  pos¬ 


sible  mechanism  for  high  constitutive  expression 
in  the  resistant  strain  was  ruled  out  by  dilution 
dot  blot  analysis  of  equal  amounts  of  genomic 
DNA  from  both  strains.  Genetic  crossing  experi¬ 
ments  mapped  high  constitutive  expression  of 
CYP6A1  and  insecticide  resistance  to  chromo¬ 
some  II.  The  structural  gene  for  CYP6A1  was 
mapped  to  chromosome  V,  however.  The  results 
suggested  that  the  gene  product  of  the  resistance 
gene  on  chromosome  II  is  a  diffusible  factor 
which  differentially  regulates  transcription  of 
structural  genes  in  susceptible  and  resistant 
strains  [14].  The  exact  nature  of  the  difference, 
i.e.  the  resistance  mutation  has  not  yet  been 
determined. 

The  regulatory  factor  has  a  pleiotropic  activity 
and  must  regulate  P450  genes  other  than 
CYP6A1.  This  conclusion  is  based  on  the  ob¬ 
servation  that  metabolism  of  diazinon,  increased 
in  resistant  strains,  is  not  catalyzed  by  CYP6A1. 
Instead,  CYP6A1  expressed  in  E.  coli ,  purified 
and  reconstituted  with  house  fly  NADPH-cyto- 
chrome  P450  reductase,  catalyzes  the  epoxida- 
tion  of  aldrin,  heptachlor  and  of  some  terpenoids 
[14].  Whether  changes  in  gene  expression  are 
involved  in  other  cases  of  metabolic  resistance 
remains  to  be  established.  Preliminary  evidence 
for  2  other  P450  genes,  the  CYP6D1  gene  in 
permethrin-resistant  house  flies  and  the  Cyp6a2 
gene  in  DDT-resistant  Drosophila  also  impli¬ 
cates  up-regulation  in  trans.  A  regulatory  gene 
mutation  causing  metabolic  resistance  to  insec¬ 
ticides  has  been  predicted  on  genetic  and  bio¬ 
chemical  grounds  by  Plapp  [15]  and  the  charac¬ 
terization  of  this  regulatory  gene  should  prove  to 
be  rewarding. 
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6.  Linkage  of  DDT  and  pyrethroid  insecticide 
resistance  (knock-down  resistance)  to  a  Na+ 
channel  locus 

Knock-down  resistance  (kdr)  has  long  been 
associated  with  the  pharmacology  of  neuronal 
voltage-gated  Na+ -channels.  Mutations  in  one 
Drosophila  Na+-channel  gene,  para ,  were  shown 
to  have  a  weak  resistant  phenotype  [16].  Recent¬ 
ly,  molecular  probes  for  genes  homologous  to 
para  have  been  obtained  in  the  tobacco  bud- 
worm,  Heliothis  virescens  [17],  in  the  house  fly, 
and  in  the  German  cockroach,  Blatella  ger- 
manica.  These  probes  were  used  to  demonstrate 
genetic  linkage  between  a  polymorphism  in  the 
para  homolog  of  these  species  and  permethrin 
( Heliothis )  or  DDT  resistance.  Linkage  was  very 
tight  in  the  house  fly  and  the  cockroach,  and  less 
so  in  the  tobacco  budworm  [17],  possibly  because 
metabolic  resistance  factors  in  addition  to  kdr 
may  have  been  present  in  those  insects.  Thus, 
kdr  mutants  may  be  structural  mutants  of  Na+ 
channel  proteins.  However,  other  mutations  in 
Drosophila  also  affect  para  indirectly  [16],  and 
cause  some  degree  of  resistance  to  pyrethroids. 
For  instance,  a  reduced  number  of  nerve  mem¬ 
brane  Na+  channels  may  be  involved  in  DDT 
and  pyrethroid  insecticide  resistance  as  well. 

7.  Conclusion 

Great  progress  has  been  made  in  the  last  5 
years  towards  the  elucidation  of  molecular  mech¬ 
anisms  of  insecticide  resistance.  But  we  have 
only  a  glimpse  of  the  variety  of  mechanisms  by 
which  resistance  is  achieved.  Work  on  the  Met 
(methoprene  tolerance)  mutation  in  Drosophila 
which  confers  100-fold  resistance  to  methoprene, 
a  juvenile  hormone  analog,  should  soon  yield 
exciting  new  insights  into  the  mode  of  action  of 
juvenile  hormone.  Resistance  to  the  insecticidal 
toxins  of  Bacillus  thuringiensis  will  need  to  be 
understood  as  transgenic  crop  plants  expressing 
these  toxins  reach  the  farm. 

The  demonstration  of  P450  gene  amplification 
in  humans  ( CYP2D6  in  2  Swedish  families)  led 
Meyer  [18]  to  pose  the  question  whether  drug- 
metabolizing  enzymes  are  preferred  targets  for 


amplification  in  situations  of  xenobiotic  or  toxic 
exposure.  The  examples  of  insecticide  resistance 
described  above  show  that  in  such  extreme 
situations  eukaryotes  can  respond  in  very  diverse 
ways,  depending  on  the  target  and  the  chemical. 
This  exploitation  of  genetic  variation  by  insect 
pests  will  continue.  We  are  challenged  to  inte¬ 
grate  information  on  molecular  mechanisms  of 
resistance  with  population  genetics  with  the  aim 
of  devising  resistance  management  strategies. 

Acknowledgements 

The  brevity  of  this  review  has  forced  me  to 
highlight  and  cite  only  some  of  the  very  nice 
research  conducted  on  this  subject.  I  acknowl¬ 
edge  the  fine  contributions  of  all  authors  working 
on  the  molecular  biology  of  insecticide  resist¬ 
ance. 

References 

[1]  Georghiou,  G.P.  (1990)  Overview  of  insecticide  resist¬ 
ance.  ACS  Symp.  Ser.  421,  18-41. 

[2]  Roush,  R.T.  and  Tabashnik,  B.  (1990)  Pesticide  Resist¬ 
ance  in  Arthropods.  Chapman  &  Hall,  New  York,  303 

pp. 

[3]  ffrench-Constant,  R.H.  (1992)  Drosophila  as  a  tool  for 
investigating  the  molecular  genetics  of  insecticide  resist¬ 
ance.  In:  J.  Oakeshott  and  M.J.  Whitten  (Eds.),  Molecu¬ 
lar  Approaches  to  Fundamental  and  Applied  Entomolo¬ 
gy,  Springer,  New  York,  pp.  1-37. 

[4]  ffrench-Constant,  R.H.  (1994)  The  molecular  and  popu¬ 
lation  genetics  of  cyclodiene  insecticide  resistance.  In¬ 
sect  Biochem.  Mol.  Biol.  24,  335-345. 

[5]  Oppenoorth,  F.J.  (1984)  Biochemistry  of  insecticide 
resistance.  Pestic.  Biochem.  Physiol.  22,  187-193. 

[6]  Mutero,  A.,  Pralavorio,  M.,  Bride,  J.M.  and  Fournier,  D. 
(1994)  Resistance-associated  point  mutations  in  insec¬ 
ticide-insensitive  acetylcholinesterase.  Proc.  Natl.  Acad. 
Sci.  USA  91,  5922-5926. 

[7]  Williamson,  M.  (1995)  Data  presented  at  ACS  special 
conference  on  pesticide  resistance. 

[8]  Stark,  G.R.  and  Wahl,  G.M.  (1984)  Gene  amplification. 
Ann.  Rev.  Biochem.  53,  447-491. 

[9]  Devonshire,  A.L.  and  Field,  L.M.  (1991)  Gene  amplifi¬ 
cation  and  insecticide  resistance.  Ann.  Rev.  Entomol. 
36,  1-23. 

[10]  Raymond,  M.,  Callaghan,  A.,  Fort,  P.  and  Pasteur,  N. 
(1992)  Worldwide  migration  of  amplified  insecticide 
resistance  genes  in  mosquitoes.  Nature  350,  151-153. 

[11]  Poirie,  M.,  Raymond,  M.  and  Pasteur,  N.  (1992)  Identifi¬ 
cation  of  two  distinct  amplifications  of  the  esterase  B 


90 


/?.  Feyereisen  /  Toxicology  Letters  82/ S3  (1995)  83-90 


locus  in  Culex  pipiens  (L.)  mosquitoes  from  Mediterra¬ 
nean  countries.  Biochem.  Genet.  30,  13-26. 

[12]  Karunaratne,  S.H.P.P.,  Jayawardena.  K.G.I.,  Heming¬ 
way,  J.  and  Ketterman,  A.J.  (1993)  Characterization  of  a 
B-type  esterase  involved  in  insecticide  resistance  from 
the  mosquito  Culex  quinquefasciatus.  Biochem.  J.  294 
575-579. 

[13]  Grant,  D.F.  and  Hammock,  B.D.  (1992)  Genetic  and 
molecular  evidence  for  a  trans- acting  regulatory  locus 
controlling  glutathione  S-transferase-2  expression  in 
Aedes  aegypti.  Mol.  Gen.  Genet.  234,  169-176. 

[14]  Feyereisen,  R.,  Andersen.  J.F.,  Carino,  F.A.,  Cohen, 
M  B.  and  Koener,  J.F.  (1995)  Cytochrome  P450  in  the 
house  fly:  structure,  catalytic  activity  and  regulation  of 
expression  in  an  insecticide-resistant  strain.  Pestic.  Sci. 
43.  233-239. 

[15]  Plapp.  F.W.  Jr.  (1984)  The  genetic  basis  of  insecticide 


resistance  in  the  house  fly:  evidence  that  a  single  locus 
plays  a  major  role  in  metabolic  resistance.  Pestic.  Bio¬ 
chem.  Physiol.  22,194-201. 

[16]  Hall,  L.M.  and  Kasbekar,  D.P.  (1989)  Drosophila  sodi¬ 
um  channel  mutations  affect  pyrethroid  sensitivity.  In:  T. 
Narahashi  and  J.E.  Chambers  (Eds.).  Insecticide  Action. 
From  Molecule  to  Organism,  Plenum  Press,  New  York, 
pp.  99-114. 

[17]  Taylor.  M.J.F.,  Heckel.  D.G.,  Brown,  T.M.,  Kreitman, 
M.E.  and  Black,  B.  (1993)  Linkage  of  pyrethroid  insec¬ 
ticide  resistance  to  a  sodium  channel  locus  in  the 
tobacco  budworm.  Insect  Biochem.  Mol.  Biol.  23.  763- 
775. 

[18]  Meyer,  U.A.  (1994)  Pharmacogenetics:  the  slow,  the 
rapid  and  the  ultrarapid.  Proc.  Natl.  Acad.  Sci.  USA  91, 
1983-1984. 


ELSEVIER 


Toxicology  Letters  82/83  (1995)  91-97 


Toxicology 

Letters 


Receptors  as  tools  for  understanding  the  toxicity  of  retinoids1 

Arthur  A.  Levin2 

Department  of  Toxicology  and  Pathology.  Hoffmann- La  Roche ,  Nutley,  NJ,  USA 


Abstract 

Retinoids  are  derivatives  of  vitamin  A  that  have  numerous  biologic  activities  including  induction  of  epithelial 
differentiation,  pattern  formation  in  embryos,  and  maintenance  of  spermatogenesis.  Retinoids  are  used  to  treat 
various  dermatologic  maladies  and  specific  forms  of  cancer  but  their  use  is  limited  by  toxic  liabilities:  most  notably 
teratogenesis.  Retinoids  interact  with  2  families  of  receptors,  the  retinoic  acid  receptors  (RARs)  and  retinoid  X 
receptors  (RXRs).  The  RARs  and  RXRs  bind  and  transactivate  distinct  response  elements  of  numerous  genes.  This 
multiplicity  of  receptors  and  gene  products  provides  us  with  multiple  targets  for  developing  novel  receptor-selective 
agonists.  We  are  exploiting  our  knowledge  of  ligand  receptor  interactions  to  design  better,  more  selective  drugs  and 
to  understand  the  toxicity  of  retinoids  and  their  metabolic  products. 

Keywords :  Retinoid;  Receptors;  Gene  expression;  Teratogenicity 


Recent  discoveries  on  the  molecular  mecha¬ 
nisms  of  retinoid  action  provide  a  means  for 
understanding  the  toxicity  of  retinoids. 

Retinoids  are  now  thought  to  produce  their 
biologic  effects  by  interacting  with  specific  nu¬ 
clear  receptors  for  retinoic  acid  (RA)  (reviewed 
in  [1,2]).  These  receptors  are  members  of  the 
steroid /thyroid  superfamily  of  receptors  and  as 
such  are  ligand-dependent  transcription  factors 
(reviewed  in  [3,4]).  As  the  first  step  in  the 


1  Excerpted  from  Armstrong,  R.B.,  Ashenfelter,  K.O., 
Eckhoff,  C.,  Levin,  A. A.,  Shapiro,  S.S.  (1994)  General  and 
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Roberts,  and  D.S.  Goodman  (Eds.),  The  Retinoids.  With 
permission  from  Raven  Press. 

2  Present  address:  Department  of  Toxicology  and  Pharma¬ 
cokinetics,  Isis  Pharmaceuticals,  2292  Faraday  Avenue, 
Carlsbad,  CA  92008,  USA. 


pathway  of  retinoid  activity,  the  receptors  are 
key  molecular  targets  through  which  we  can  gain 
insight  into  the  mechanism  of  action  (and  toxici¬ 
ty)  of  retinoids.  Two  families  of  receptors,  the 
retinoic  acid  receptors  (RARs)  [1,2]  and  the 
retinoid  X  receptors  (RXRs)  [5-7],  define  gene 
pathways  through  the  activation  (or  repression) 
of  specific  DNA  sequences,  called  response  ele¬ 
ments,  in  the  untranslated  regions  of  retinoid- 
responsive  genes  [2].  Some  response  elements 
are  specific  for  RXR  [8,9],  while  other  response 
elements  have  been  shown  to  interact  with  RAR- 
RXR  heterodimers  [7,10].  Each  of  the  receptor 
families,  RAR  and  RXR,  is  further  divided  into  3 
receptor  types  a,  A  or  y  [1,2].  These  receptor 
types  may  themselves  preferentially  activate 
specific  response  elements  [11],  We  and  others 
have  recently  shown  that  there  are  distinct  ligand 
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specificities  for  each  of  the  receptor  families, 
RAR  and  RXR.  The  RXR  family  of  receptors 
binds  9-cis  RA  [12,13],  while  the  RARs  can  bind 
all -trans  RA  and  9-cis  RA  [14].  Thus,  there  are 
multiple  retinoid  receptors  and  multiple  ligand 
pathways.  The  multiplicity  of  receptors,  and 
ligands  combined  with  multiplicity  of  response 
elements  provide  the  combinatorial  possibilities 
required  to  explain  the  pleiotropic  effects  of 
retinoids  in  normal  function  and  in  toxicity 
(reviewed  in  [2]). 

The  role  of  receptors  in  retinoid-induced  toxic¬ 
ity  is  generally  well  accepted  and  there  is  both 
indirect  and  direct  evidence  to  support  the  con¬ 
cept  at  the  present  time.  Indirect  evidence  comes 
from  a  correlation  between  retinoid  binding  and 
activation  of  the  RARs  in  vitro  and  the  induction 
of  pharmacologic  and  toxicologic  activity  in 
whole  cells  or  in  vivo  [15,16].  In  general,  com¬ 
pounds  that  bind  to  the  RARs  weakly  are  less 
toxic  and  those  that  bind  with  high  affinity  are 
more  toxic.  (Data  are  not  yet  available  for 
correlating  toxicity  with  the  binding  of  ligands  to 
the  RXRs.)  However,  the  biologic  activity  of 
some  retinoids  does  not  correlate  with  in  vitro 
binding  since  these  compounds  exhibit  little  or 
no  direct  binding  to  the  receptors  yet  show 
marked  biological  activity  or  toxicity.  One  exam¬ 
ple  of  such  a  compound  is  13 -cis  RA,  which  is 
highly  active  as  a  therapeutic  agent  in  acne  and 
some  forms  of  cancer  but  does  not  bind  directly 
to  the  RARs  [17].  The  activity  of  13-cw  RA  may 
be  the  result  of  its  binding  to  some  other  re¬ 
ceptor  or  biotransformation  to  an  isomer  of  RA 
that  binds  and  activates  one  of  the  known 
families  of  receptors.  A  technique  known  as 
nuclear  receptor-dependent  ligand  trapping  was 
used  to  demonstrate  biotransformation  and  re¬ 
ceptor  binding  in  whole  cells.  COS-1  cells  over¬ 
expressing  one  of  the  RARs  were  incubated  with 
[  H]13-c/.y  RA  for  4  h.  The  cells  were  harvested, 
the  nuclei  were  isolated  and  lysed.  The  identity 
of  the  radiolabel  bound  to  the  receptors  in  the 
nuclear  fractions  was  determined  by  HPLC  anal¬ 
ysis.  Remarkably,  little  or  no  13-cis  RA  was 
detectable  in  the  nucleosol  fraction.  Only  all- 
trans  RA  was  trapped  by  the  RARs  despite  that 
fact  that  the  media  contained  greater  than  95% 
['"H]13-cw  RA  [12].  The  biotransformation  of 


retinoids  to  more  active  forms  might  explain 
some  of  the  lack  of  correlation  of  toxicity  and 
RA  binding  reported  previously  for  some  re¬ 
tinoids  [15]. 

Conversely,  retinoids  that  bind  directly  to 
receptors  and  that  are  resistant  to  metabolic 
change  might  be  more  active  than  their  binding 
affinities  would  suggest.  For  example,  Ro  13-7410 
binds  to  the  RARs  with  affinities  slightly  less 
than  those  for  RA,  but  for  some  toxicologic 
endpoints  Ro  13-7410  is  10-1000-fold  more  po¬ 
tent  than  all -trans  RA  itself  [15,18,19].  One 
explanation  for  the  super  potency  of  synthetic 
retinoids  like  Ro  13-7410  could  be  their  slow 
metabolic  clearance  from  sites  of  action.  In  fact, 
studies  in  the  hamster  indicate  that  Ro  13-7410  is 
cleared  much  more  slowly  than  all -trans  RA 
[20,21].  Taken  together,  these  data  suggest  that 
binding  affinities  of  retinoids  for  the  receptors 
may  not  be  completely  predictive  of  the  activities 
in  vivo  because  of  the  complicating  factors  of 
metabolic  activation  and  degradation.  Alterna¬ 
tively,  it  is  possible  that  synthetic  retinoids  might 
interact  with  retinoid  receptors  to  produce  a 
ligand  receptor  complex  that  is  more  active  in 
inducing  (or  repressing)  transcription  than  en¬ 
dogenous  ligand  receptor  complexes,  or  the 
resistance  of  some  retinoids  to  catabolism  and 
differences  in  ligand  receptor  activity  could  ex¬ 
plain  some  of  the  results  of  transcriptional  activa¬ 
tion  studies  in  which  some  synthetic  ligands 
induce  receptor  activity  with  greater  potency 
(lower  EC5(,s)  than  all -trans  RA  [22-25], 

Direct  data  to  support  the  hypothesis  that  the 
activation  of  receptors  is  involved  in  the  induc¬ 
tion  of  toxicity  comes  from  studies  with  a  com¬ 
pound  that  selectively  antagonizes  RARtr  [26]. 
Experiments  with  this  compound  (Ro  41-5253) 
provide  the  most  compelling  evidence  supporting 
the  role  of  receptors  in  the  toxic  effects  of 
retinoids.  The  myeloblastic  leukemia  cell  line, 
HL-60  can  be  induced  to  differentiate  to  func¬ 
tional  granulocytes  by  treating  with  various  re¬ 
tinoids  including  the  RAR-specific  agonist,  Ro 
40-6055.  When  the  HL-60  cells  were  treated  with 
the  combination  of  Ro  40-6055  and  Ro  41-5253 
there  was  an  inhibition  of  differentiation  [26]. 
The  incidence  of  some  of  the  teratogenic  effects 
of  the  same  RARa-selective  ligand,  was  reduced 
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by  cotreatment  of  mice  with  the  antagonist  Ro 
41-5253  during  days  8  and  9  of  gestation  (G. 
Schmidt  unpublished  results).  Further  direct  evi¬ 
dence  for  the  role  of  specific  receptors  in  tox¬ 
icologic  phenomena  will  be  forthcoming  from 
studies  with  additional  receptor-selective  agon¬ 
ists  and  antagonists.  From  these  studies  it  might 
be  possible  to  associate  specific  biologic  effects 
with  the  activity  of  specific  receptor  types.  For 
example,  activation  of  a  specific  receptor  type  in 
vivo  would  be  expected  to  produce  a  response 
that  is  characteristic  for  that  receptor.  In  this 
way,  it  will  be  possible  to  use  pharmacologic 
intervention  as  a  means  of  defining  the  role  for 
each  receptor  in  the  various  manifestations  of 
retinoid  toxicity. 

The  interactions  of  retinoid-ligands  with  their 
receptors  results  in  receptor  activation  and  ulti¬ 
mately  in  alterations  in  gene  expression.  It  is  now 
thought  that  these  receptor-mediated  changes  in 
gene  expression  play  a  significant  role  in  the 
toxicologic  effects  of  retinoids. 

How  can  a  small  molecule,  like  RA  (or  syn¬ 
thetic  analogs),  interact  with  a  relatively  few 
nuclear  receptors  to  produce  the  marked  physio¬ 
logic  and  biochemical  changes  associated  with 
toxicity  or  teratogenicity?  Like  the  steroid  hor¬ 
mones  and  their  receptors,  retinoids  interact  with 
receptors  to  initiate  a  cascade  of  changes  in  gene 
expression  [3,4].  The  first  set  of  genes  affected 
are  those  with  expression  directly  modulated  by 
retinoid  receptors.  The  expression  of  these  genes 
is  controlled  by  the  binding  of  the  receptors  to 
specific  sequences  of  DNA  (response  elements) 
in  the  untranslated  region  of  the  gene.  The 
interaction  of  a  liganded  receptor  to  its  cognate 
response  element  results  in  activation  (or  re¬ 
pression)  of  the  promoter  regions  of  the  gene. 
These  early  genes,  referred  to  as  primary  genes, 
may  themselves  be  transcription  factors  that 
control  the  expression  of  another  set  of  genes 
which  may  in  turn  control  the  expression  of  yet 
another  set  of  genes  and  so  on.  The  cumulative 
result  of  this  process  is  an  amplification  of  the 
original  retinoid  signal  through  a  cascade  of  gene 
expression  changes.  This  type  of  gene  expression 
cascade  is  analogous  to  the  classic  biochemical 
cascades  associated  with  the  binding  of  insulin  or 
glucagon  to  their  receptors,  in  which  a  biochemi¬ 


cal  signal  at  the  receptor  is  amplified  by  sub¬ 
sequent  biochemical  processes  of  the  cascade  to 
produce  a  biologic  response. 

Data  to  support  the  existence  of  retinoid-in¬ 
duced  cascades  of  gene  expression  come  from 
studies  on  the  differentiation  of  teratocarcinoma 
cell  lines.  These  cell  culture  systems  are  models 
for  differentiation  and  development.  The  effects 
of  retinoids  on  these  cells  has  been  extensively 
studied  and  the  changes  in  the  patterns  of  gene 
expression  between  undifferentiated  cells  and 
differentiated  cells  has  been  well  characterized 
[27],  Following  RA  treatment  of  F9  teratocar¬ 
cinoma  cells,  one  of  the  primary  response  genes 
is  Hoxa-l  (formerly  known  as  Hox  1.6),  a 
member  of  the  homeobox  gene  family.  Expres¬ 
sion  of  Hoxa-l  is  transcriptionally  regulated  by 
RA  treatment  [28].  The  homeobox  genes  are 
known  to  be  important  in  development  and 
differentiation  of  invertebrates  and  vertebrates. 
These  genes  contain  a  DNA-binding  homeodo- 
main  and  are  thought  to  be  transcription  factors 
[29-31].  Thus  the  increased  expression  of  Hoxa- 
1,  in  F9  cells  is  a  potential  initiating  event  in  a 
gene  cascade.  The  change  in  Hoxa-l  expression 
might  be  followed  by  changes  in  the  expression 
of  a  number  of  genes  that  define  the  differen¬ 
tiated  state  of  the  F9  cells.  Some  of  these  genes 
encode  for  proteins  that  are  structural  like  col¬ 
lagen  and  laminin  while  others  encode  for  pro¬ 
teins  that  may  control  other  transcriptional 
events  [32,33].  In  studies  in  human  teratocar¬ 
cinoma  cell  lines,  the  temporal  induction  of  a 
homeobox  gene  cascade  induced  by  RA  treat¬ 
ment  was  investigated.  Homeobox  genes  are 
arranged  spatially  on  chromosomes  in  clusters. 
The  most  3'  genes  of  the  cluster  are  generally 
expressed  earlier  (and  with  boundaries  of  expres¬ 
sion  more  anterior  in  embryos)  than  the  genes  at 
the  5'  end  of  the  cluster  [29],  These  clusters  of 
homeobox  genes  are  turned  on  in  a  sequential 
manner  by  treatment  with  RA  [34].  Since  the 
homeobox  genes  are  transcription  factors,  the 
end  result  of  this  cascade  of  transcription  factors 
would  be  a  secondary  cascade  of  genes  indirectly 
controlled  by  retinoid-receptor  activation. 

In  whole  animals  and  in  particular  in  develop¬ 
ing  embryos,  the  induction  of  gene  cascades  can 
have  profound  effects.  One  of  the  most  serious 
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toxicides  produced  by  retinoid  exposure  is  the 
malformation  of  developing  embryos.  Normal 
embryonic  development  is  dependent  on  the 
presence  of  retinoids.  Deficiency  of  vitamin  A  in 
pregnancy  results  in  malformations  and  in  ex¬ 
treme  deficiency,  preimplantation  loss  [35,36].  It 
is  now  thought  that  RA  is  an  active  factor  in  the 
control  of  development.  Gradients  of  RA  convey 
positional  information  for  the  normal  develop¬ 
ment  of  the  embryo  [37].  RA  signals  are  thought 
to  convey  the  positional  information  by  locally 
controlling  gene  expression  [38-40].  Embryonic 
development  can  be  thought  of  as  a  tightly 
controlled  series  of  changes  in  gene  expression  in 
time  and  space.  It  has  been  well  established  that 
the  exposure  of  vertebrate  embryos  to  retinoids 
results  in  inappropriate  gene  expression  patterns 
[41-44].  This  would  interfere  with  the  normal 
patterns  of  gene  expression  in  embryos  thus 
explaining  the  marked  morphologic  changes  as¬ 
sociated  with  retinoid-induced  teratogenesis.  The 
relationships  between  the  alterations  in  gene 
expression  and  the  ultimate  phenotype  of  the 
exposed  embryo  are  being  explored.  Patterns  of 
homeobox  gene  expression  are  now  thought  to 
encode  information  for  the  development  of  the 
vertebrae  [45],  the  hind  brain  and  the  branchial 
arches  [47,48].  One  of  these  so  called  Hox  codes 
contains  the  information  for  the  specializations  in 
the  vertebrae  [45].  Exposure  of  developing  mice 
to  RA  is  thought  to  change  the  Hox  code  and 
results  in  specific  vertebral  malformations 
[47,48].  If  cascades  of  gene  expression  are  im¬ 
portant  in  retinoid  teratogenesis,  then  direct 
manipulation  of  gene  expression  using  transgenic 
animals  should  mimic  some  of  the  teratogenic 
phenotypes.  In  mice,  overexpression  of  Hoxa-1 
(formerly  known  as  Hox  1.1)  under  the  influence 
of  the  chicken  )3- actin  promoter  induces  a  phe¬ 
notype  with  cranial  and  facial  malformations  that 
are  reminiscent  of  some  of  the  cranial  and  facial 
malformations  associated  with  RA-induced 
teratogenesis  [49].  Thus  there  is  a  growing  body 
of  literature  supporting  retinoid-induced  changes 
in  gene  expression  as  a  mechanism  of  develop¬ 
mental  toxicity. 

How,  or  if,  receptor-mediated  changes  in  gene 
expression  relate  to  other  toxic  effects  of  re¬ 


tinoids  needs  to  be  explored  further.  Numerous 
studies  at  the  biochemical  and  the  molecular 
levels  have  demonstrated  retinoid-induced 
changes  in  gene  expression  in  epithelial  cells  in 
vitro  and  in  vivo.  In  fact  RA  has  been  implicated 
as  a  necessary  factor  for  epithelial  differentia¬ 
tion.  In  retinoid-induced  toxicity,  the  most  com¬ 
monly  observed  effects  in  both  man  and  ex¬ 
perimental  animals  are  the  mucocutaneous  ef¬ 
fects  including  erythema,  epidermal  thickening, 
and  scaling  [49-52].  The  skin  has  a  unique  array 
of  retinoid  receptors,  with  high  levels  of  expres¬ 
sion  of  the  RARy  [53]  and  the  RXRa  [6,53]. 
How  the  characteristic  response  of  skin  to  re¬ 
tinoid  exposure  might  be  related  to  the  presence 
of  these  receptor  types  is  presently  under  in¬ 
vestigation.  These  types  of  investigation  will  be 
aided  by  the  development  of  receptor-specific 
agonists  and  antagonists. 

There  are  a  number  of  other  adverse  affects 
which  are  characteristic  of  hypervitaminosis  A. 
The  mechanism  of  these  effects  is  under  in¬ 
vestigation  at  this  time.  There  are  now  clear 
interactions  of  retinoid  receptors  with  a  number 
of  different  regulatory  elements  of  a  number  of 
genes  that  can  be  related  to  some  of  the  adverse 
effects  of  retinoids.  For  example,  changes  in 
serum  lipids  are  a  characteristic  response  to 
retinoid  treatment.  There  is  now  evidence  to 
suggest  that  RXR  might  have  a  role  in  regulating 
genes  that  control  lipoprotein  biosynthesis  [9] 
and  may  control  lipid  metabolism  through  an 
RXR  heterodimer  [54]  with  the  peroxisome 
proliferation  activated  receptor  (PPAR)  [55,56]. 
Thus,  RXR-homodimers  and  RXR  heterodimers 
might  provide  a  mechanistic  basis  for  retinoid- 
induced  serum  lipid  changes.  Similar  heterodi- 
meric  interactions  of  RXR  with  the  vitamin  D 
and  thyroid  hormone  receptors  may  also  provide 
a  mechanistic  basis  for  understanding  retinoid 
effects  on  bone  and  other  tissues.  The  synthesis 
of  receptor-selective  ligands  and  the  characteri¬ 
zation  of  toxic  effects  of  these  selective  ligands 
will  elucidate  the  role  of  specific  receptors  in 
toxicity,  while  studies  at  the  molecular  level  will 
identify  gene  pathways  associated  with  toxicity. 

In  conclusion,  it  is  now  clear  that  the  physio¬ 
logic  activity  of  retinoids  is  dependent  on  the 
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activation  of  specific  receptors  and  receptor-me¬ 
diated  transcriptional  regulation  of  various  gene 
products.  One  of  the  challenges  for  retinoid 
toxicology  is  to  obtain  an  understanding  of  the 
specific  receptors  and  gene  pathways  that  define 
toxicologic  responses.  The  utilization  of  receptor- 
specific  ligands  to  preferentially  stimulate  or 
block  receptor  types  provides  one  approach  for 
understanding  retinoid  activity  at  the  level  of  the 
receptors.  Transgenic  animal  experiments  to 
knockout  or  to  overexpress  retinoid-associated 
gene  products  are  being  used  to  investigate  gene 
pathways  in  retinoid  activity.  Utilization  of  these 
approaches  will  increase  our  understanding  of 
retinoid  toxicity.  Understanding  toxic  mecha¬ 
nisms  of  action  may  lead  to  the  development  of 
less  toxic  and  more  potent  therapeutic  agents. 
However,  there  are  additional  benefits  to  be 
obtained  from  an  increased  understanding  of 
retinoid  toxicity.  Retinoids  are  being  used  as 
tools  by  developmental  biologists  to  perturb  and 
probe  developing  organisms  as  a  means  to  in¬ 
vestigate  the  molecular  processes  of  development 
and  differentiation.  In  this  context,  it  is  possible 
that  research  on  retinoid  toxicity  may  have  the 
most  profound  scientific  influence. 
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Abstract 

Increasing  clinical  experience  of  FK  506  in  transplantation  therapy  has  revealed  a  number  of  potentially 
restrictive  adverse  effects  associated  with  its  use.  The  mechanisms  of  action  underlying  2  prominent  toxic  effects  of 
FK  506,  namely  diabetogenesis  and  renal  dysfunction,  were  investigated.  A  simple  model  system  based  on  the  effect 
of  FK  506  on  isolated  rat  pancreatic  islets  was  utilised  to  study  the  relationship  between  inhibition  of  insulin 
biosynthesis,  inhibition  of  interleukin  2  (IL-2)  activation  and  FK  binding  protein  (FKBP-12)  binding  of  FK  506  and 
a  number  of  FK  506  analogues.  Results  indicate  that  the  action  of  these  compounds  on  inhibition  of  insulin 
biosynthesis  (and  by  implication,  diabetogenesis)  may  be  related  to  their  immunosuppressive  potential.  Observa¬ 
tions  on  the  FK  506-induced  release  of  endothelin-1  from  isolated  rat  kidney  mesangial  cells  suggest  that  this  cell 
may  be  an  important  target  associated  with  the  nephrotoxic  potential  of  the  drug,  and  that  this  action  may  be 
mediated  via  the  FKBP. 

Keywords :  FK  506;  Immunosuppressants;  Nephrotoxicity;  Diabetogenesis;  Insulin  biosynthesis;  Structure-activity 
relationships 


1.  Introduction 

The  fungal  macrolide  antibiotic,  FK  506,  pos¬ 
sesses  potent  immunosuppressive  activity  and 
has  been  successfully  used  both  experimentally 
and  clinically  to  prevent  organ  graft  rejection. 
However,  although  initial  experience  with  FK 
506  suggested  that  it  may  have  a  reduced  spec¬ 
trum  of  toxicity  compared  to  cyclosporin  A 
(CsA),  an  established  therapeutic  agent  with 
related  immunosuppressive  action,  increasing 
clinical  use  has  revealed  a  number  of  similar 
side-effects,  prominent  amongst  which  are  dia¬ 
betogenesis  and  renal  dysfunction  [1].  The  inci- 
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dence  of  diabetogenesis  encountered  in  recent 
clinical  trials  of  FK  506  carried  out  in  kidney 
transplant  patients  was  16-47%  [1-3].  An  unde¬ 
sirable  consequence  is  that  insulin  therapy  may 
be  required  to  treat  the  FK  506-induced  dia¬ 
betogenesis  [4].  Renal  dysfunction  appears  to  be 
the  primary  dose-limiting  toxic  effect  of  FK  506, 
with  an  incidence  of  27.1-44.4%  in  renal  trans¬ 
plant  patients  [2,3].  Principal  functional  changes 
include  a  reduction  in  glomerular  filtration  rate 
(GFR)  and  renal  blood  flow  (RBF)  [5]. 

The  mechanisms  underlying  FK  506-induced 
diabetogenesis  and  renal  dysfunction  are  not 
fully  elucidated,  although  clearly  such  a  toxicity 
profile  is  undesirable  and  may  limit  its  use  in  the 
clinic.  The  development  of  alternative  less  toxic 
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structures  based  upon  the  parent  FK  506  mole¬ 
cule  would  undoubtedly  be  facilitated  by  a  great¬ 
er  understanding  of  the  mechanism  of  FK  506- 
induced  toxicity  and  the  development  of  toxicity 
screens  that  would  enable  FK  506  analogues  to 
be  assessed  and  compared  alongside  data  from 
established  efficacy  screens.  Practical  criteria  for 
such  toxicity  screens  would  ideally  incorporate 
quantitative  and  rapid  end-points  together  with 
low  drug  usage  and  would  probably  be  best 
served  by  in-vitro  test  systems.  An  essential  pre¬ 
requisite  for  such  a  strategy  would  be  to  demon¬ 
strate  relevance  of  the  screens  to  the  clinical 
profile  of  FK  506  toxicity.  Consequently,  we  have 
undertaken  a  series  of  studies  to  investigate  the 
diabetogenic  and  nephrotoxic  properties  of  FK 
506,  with  the  objective  of  providing  additional 
evidence  on  its  mechanism  of  toxicity  and  sub¬ 
sequently  developing  potential  toxicity  screening 
tests. 


2.  FK  506-induced  diabetogenesis 

The  diabetogenic  effect  of  FK  506  generally 
manifests  as  hyperglycaemia  after  repeated  dos¬ 
ing  in  experimental  animals.  Rats,  dogs  and 
primates  have  been  shown  to  be  susceptible  to 
this  effect  (in-house  data).  In  a  study  carried  out 
in  the  Sprague-Dawley  rat,  FK  506  administered 
orally  for  5-10  days  at  15  mg -kg  1  -  day  1  sig¬ 
nificantly  reduced  tolerance  to  an  oral  glucose 
load  (see  Fig.  1).  This  was  accompanied  by  a 
depressed  post-load  plasma  insulin  response, 
suggesting  that  the  glucose  intolerance  may  have 
been  associated  with  an  inappropriate  insulin 
secretion.  Follow-up  investigations,  using  im- 
munocytochemistry  for  localisation  of  insulin 
immunoreactivity  and  in-situ  hybridisation  his¬ 
tochemistry  to  localise  insulin  mRNA  in  the 
pancreas,  showed  that  FK  506  dosing  resulted  in 
a  marked  reduction  of  both  insulin  parameters. 
Dot-blot  analysis  using  32P-labelled  cDNA 
probes  confirmed  a  selective  reduction  in  pan¬ 
creatic  insulin  mRNA  levels  (relative  to  yS-actin) 
after  5  or  12  days  dosing  at  10  and  15  mg  ■  kg  1 
FK  506  (see  Fig.  2).  FK  506-induced  glucose 
intolerance  therefore  appears  to  be  associated 


prs  load  20  60  prs  load  20  SO 


time  (min) 

Fig.  1.  Effect  ot  15  mg  -  kg  1  -  day  "1  FK  506  on  oral  glucose 
tolerance.  Glucose  tolerance  was  measured  in  male  Sprague- 
Dawley  rats  (7  animals  per  group)  after  5  and  10  days  dosing 
(O,  control  group;  ■,  FK  506  dosed  group.  Bars  =  S.E.M.). 


with  decrease  in  pancreatic  insulin  gene  expres¬ 
sion,  resulting  in  depletion  of  pancreatic  insulin 
content.  These  data  confirm  the  hypothesis  that 
the  hyperglycaemic  action  of  FK  506  occurs  via 
inhibition  of  pancreatic  islet  function  [6,7]. 

2.1.  Effect  of  FK  506  on  isolated  rat  islets 
In  order  to  utilise  the  potential  for  FK  506  to 
directly  affect  insulin  biosynthesis  by  pancreatic 
islet  cells,  in  vitro  studies  were  performed  on  rat 
islets  isolated  and  maintained  in  culture  for  up  to 
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Fig.  2.  Effect  of  FK  506  on  relative  pancreatic  insulin  mRNA 
levels  in  the  rat  (6  animals  per  group).  Bars  =  S.E.M. 


6  days  in  the  presence  or  absence  of  the  drug 
over  the  range  10“6-10~n  M.  Insulin  mRNA 
content  of  cultured  islet  preparations  was  mea¬ 
sured  by  dot-blot  analysis  as  above.  Insulin 
peptide  synthesis  was  estimated  by  pulse  label¬ 
ling  with  [35S]cysteine  followed  by  immuno- 
precipitation  and  SDS/PAG  electrophoresis. 

FK  506  treatment  resulted  in  a  pronounced 
dose-related  reduction  of  insulin  mRNA  levels  in 
cultured  islets,  with  maximal  inhibition  of  90% 
and  an  estimated  IC50  of  1.5  X  10  9  M  (see  Fig. 
3a).  Evidence  of  reduced  mRNA  levels  was 
apparent  from  1  day’s  exposure  onwards.  Insulin 


Fig.  3.  (a)  Graph  showing  the  effect  of  increasing  FK  506 
concentration  on  inhibition  of  insulin  peptide  biosynthesis  in 
vitro.  Mean  percentage  inhibitions  were  calculated  from  5 
separate  experiments  and  the  line  of  best  fit  estimated  using  4 
parameter  logistic  fit  to  describe  the  drug  dose-response 
curve.  Bars  -  S.E.M.  (b)  Graph  showing  the  effect  of  increas¬ 
ing  FK  506  concentration  on  inhibition  of  insulin  mRNA  in 
vitro.  Mean  percentage  inhibitions  were  calculated  from  3 
separate  experiments  and  the  line  of  best  fit  estimated  using  4 
parameter  logistic  fit  to  describe  the  drug  dose-response 
curve.  Bars  =  S.E.M. 


biosynthesis  was  also  severely  decreased  follow¬ 
ing  exposure  of  islets  to  FK  506,  although  maxi¬ 
mal  inhibition  was  somewhat  less  (approximately 
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75%),  with  an  IC5()  of  3  X  10" 10  M  FK  506  (see 
Fig.  3b).  In  contrast  to  mRNA  levels,  insulin 
biosynthesis  was  not  affected  after  1  day‘s  expo¬ 
sure  but  was  clearly  impaired  from  3  days’ 
exposure  onwards,  suggesting  that  the  initial 
effect  of  FK  506  may  be  upon  insulin  mRNA. 
These  in  vitro  data  show  that  FK  506  is  a  potent 
and  direct  inhibitor  of  insulin  production  within 
the  pancreatic  islet  and  provide  strong  support 
for  in  vivo  findings,  indicating  that  insulin  inhibi¬ 
tion  is  most  likely  to  be  the  primary  cause  of  the 
diabetogenic  action  of  FK  506.  Further  work 
would  be  required  in  order  to  determine  the 
point  of  action  of  FK  506  on  insulin  gene 
expression  (e.g.  transcriptional  block). 

2.2.  Effect  of  FK  506  analogues  on  insulin 
inhibition :  correlation  with  FK  binding  and 
immunosuppressant  activity 
The  relationship  between  insulin  inhibition 
(and  by  implication,  diabetogenic  potential)  and 
immunosuppressant  activity  of  FK  506  was  ex¬ 
plored  using  a  series  of  structural  FK  506  ana¬ 
logues.  These,  together  with  the  immunosuppres¬ 
sants  CsA  and  Rapamycin  (Rap)  were  tested  for 
inhibition  of  insulin  biosynthesis  using  the  iso¬ 
lated  rat  islet  culture  system  as  described  above. 
The  immunosuppressive  action  of  FK  506  is 
thought  to  occur  via  binding  to  a  specific  im- 
munophilin,  the  FK  binding  protein  (FKBP-12), 
and  subsequent  inhibition  of  calcineurin-depen- 


dent  T  cell  activation  pathways  by  the  FK  506- 
FKBP  complex  [8].  FKBP  binding  and  cal- 
cineurin  inhibition  appear  to  be  determined  by 
separate  domains  of  the  FK  506  molecule,  but 
both  are  required  for  immunosuppressive  activi¬ 
ty.  Data  obtained  previously  for  inhibition  of 
interleukin  2  (IL-2)  activation  in  Jurkat  cells  (a 
measure  of  immunosuppression  potency)  and 
FKBP-12  binding  [9]  was  plotted  against  insulin 
inhibition  data  (see  Fig.  4).  These  show  that 
analogues  able  to  bind  to  FKBP-12  and  inhibit 
IL-2  production  are  in  general  also  inhibitors  of 
insulin  biosynthesis.  Analogues  of  FK  506  (in¬ 
cluding  Rap  and  FPL  65620),  that  bind  to  FKBP- 
12  but  are  poor  inhibitors  of  IL-2  production, 
were  found  also  to  be  poor  inhibitors  of  insulin 
biosynthesis.  Thus,  it  seems  likely  that  the  effica¬ 
cy  (IL-2  inhibition)  and  toxicity  (insulin  inhibi¬ 
tion)  of  FK  506  and  related  compounds  are  in 
some  way  associated,  presumably  via  a  related 
pathway  involving  FKBP  binding.  However,  one 
FK  506  analogue  (labelled  ‘X’),  was  found  to 
have  moderate  FKBP-12  binding  and  IL-2  inhib¬ 
itory  activity,  but  poor  insulin  inhibition,  and  it  is 
therefore  possible  that  additional  and  as  yet 
unidentified  factors  may  be  important  determi¬ 
nants  in  these  complex  pathways,  maintaining 
the  possibility  that  the  immunosuppressant  and 
pancreatic  toxicity  of  FK  506  structures  may  be 
separated.  Areas  for  further  investigation  include 
differential  distribution  and  involvement  of 


Fig.  4.  Correlation  curves  for  IL-2  inhibition,  FKBP-12  binding  and  in  vitro  inhibition  of  insulin  biosynthesis  by  FK  506  analogues 
(all  points  shown  are  logic,,,).  X  denotes  an  analogue  with  moderate  IL-2  inhibition  and  FKBP  binding  affinity  Y  denotes  FPL 
65620. 
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FKBP  and  calcineurin  subtypes  in  target  tissue 
signalling  pathways,  together  with  receptor  bind¬ 
ing  selectivity  and  potency  of  FK  506  analogues. 

3.  FK  506-induced  nephrotoxicity 

Cumulative  clinical  and  experimental  data 
indicate  that  the  nephrotoxic  action  of  FK  506  is 
mediated  via  perturbation  of  renal 
haemodynamics,  resulting  in  a  reduced  GFR, 
decreased  RBF,  and  ultimately,  functional  defi¬ 
cit.  The  mechanism  underlying  this  toxicity,  how¬ 
ever,  remains  unresolved,  although  many  of  its 
features  appear  similar  to  that  seen  with  CsA  [5]. 
In  fact  FK  506-induced  renal  dysfunction,  as 
measured  by  standard  parameters  (e.g.  plasma 
creatinine  increase),  is  not  readily  attained  in 
most  strains  of  rat  tested,  presumably  due  to 
their  large  renal  functional  reserve.  This  has  led 
to  difficulty  in  the  assessment  of  FK  506  toxicity. 
Nevertheless,  various  renal  changes  are  seen  in 
the  FK  506  dosed  rat  that  seem  to  reflect  its 
mode  of  action.  Studies  carried  out  in  Sprague- 
Dawley  rats  dosed  orally  with  FK  506  at  1-9 
mg -kg1  for  up  to  14  days  revealed  a  profound 
dose-related  increase  in  juxtaglomerular  (JG) 
renin  mRNA  content  (up  to  350%  renin  mRNA 
positive  JG  compared  to  controls)  and  a  corre¬ 
sponding  elevation  of  plasma  renin  activity  (2-3- 
fold  increase  over  controls).  Afferent  arteriolar 
smooth  muscle  cells  were  also  found  to  be 
recruited  into  renin  expression  in  a  pattern 
similar  to  that  observed  with  angiotensin-con- 
verting  enzyme  (ACE)  inhibitors.  When  tested, 
CsA  produced  an  identical  pattern  of  renin 
expression  to  FK  506  in  the  rat.  The  observed 
upregulation  of  renin  expression  due  to  FK  506 
would,  unlike  ACE  inhibitors,  result  in  an  in¬ 
crease  in  angiotensin  Il-mediated  renal  vasocon¬ 
striction.  However,  this  is  likely  to  reflect  a 
secondary  compensatory  response  to  a  pre-exist¬ 
ing  effect  rather  than  the  primary  mechanism  of 
FK  506-induced  changes  in  GFR,  as  the  principle 
effect  of  angiotensin  II  would  be  to  increase 
efferent  arteriolar  resistance,  and  maintain  filtra¬ 
tion  pressure.  The  similarity  between  FK  506  and 
CsA  effects  on  renal  renin  expression  are  con¬ 
sistent  with  a  common  mechanism  of  action. 


When  tested,  the  FK  506  analogue  FPL  65620, 
which  has  poor  immunosuppressive  activity, 
showed  no  effect  on  renal  renin  expression  in  the 
rat,  suggesting  a  possible  link  between  efficacy 
and  nephrotoxicity  potential. 

Further  evidence  of  the  potential  renal  vascu¬ 
lar  effect  of  FK  506  was  obtained  from  mor¬ 
phometric  analysis  of  rat  kidney  sections  follow¬ 
ing  oral  dosing  with  3-15  mg  •  kg  1  FK  506  for  7 
days.  This  produced  a  dose-related  reduction  in 
glomerular  mean  cross-sectional  area  (maximum 
20%  decrease  at  9  mg  •  kg-1  FK  506  compared  to 
controls).  Dosing  with  CsA  at  27  and  81  mg  ■ 
kg-1  CsA  for  7  days  produced  similar  changes. 
Work  carried  out  by  ourselves  (data  not  shown) 
and  others  [10]  on  isolated  rat  glomerulus  prepa¬ 
rations  in  vitro  suggests  that  FK  506  and  CsA 
may  be  capable  of  causing  a  direct  glomerular 
contraction.  Further  in  vitro  experiments  were 
consequently  carried  out  to  identify  possible 
effects  of  FK  506  on  the  principle  contractile 
element  of  the  glomerulus,  the  mesangial  cell. 

3.1.  In  vitro  effect  of  FK  506  on  release  of 
endothelin-1  from  rat  mesangial  cells 

The  potent  vasoconstrictive  peptide, 
endothelin-1  (ET-1)  plays  an  important  role  in 
the  regulation  of  renal  haemodynamics  [11]  and 
a  number  of  cell  types  within  the  kidney,  includ¬ 
ing  the  mesangial  cell,  are  known  to  be  capable 
of  its  synthesis  and  release.  Recent  work  on  CsA 
and  FK  506  suggests  that  these  drugs  may  cause 
an  alteration  of  ET-1  activity  in  vivo  [12,13]. 
Blockade  of  ET-1  receptors  using  specific  anti¬ 
bodies  or  selective  antagonists  has  been  shown  to 
attenuate  FK  506  and  CsA-induced  renal 
dysfunction  [14,15].  ET-1  may  therefore  be  a  key 
component  in  the  mechanism  of  nephrotoxic 
action  of  the  immunosuppressants. 

Studies  carried  out  on  isolated  rat  mesangial 
cells  in  culture  showed  a  clear  potential  for  FK 
506  and  CsA  to  cause  a  direct  increase  in  the 
release  of  ET-1  from  rat  mesangial  cells  when 
added  to  cultures  for  6-24  h.  Maximum  ET-1 
release  (approximately  2.75  times  basal  level) 
was  produced  at  an  FK  506  concentration  of  10  8 
M  (see  Fig.  5),  i.e.  generally  consistent  with 
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FK  506  (M)  6hr  incubation 

Fig.  5.  Graph  showing  the  effects  of  increasing  FK  506 
concentration  on  release  of  ET-1  from  sub-confluent 
mesangial  cells  in  vitro  (•).  Results  are  expressed  as  mean 
percentage  ET-1  release  relative  to  control.  Bars  =  S.E.M. 
ET-1  release  was  blocked  by  co-incubation  with  FPL  65620 
(□),  an  FK  506  analogue. 


trough  FK  506  blood  levels  associated  with  renal 
dysfunction  [16].  ET-1  released  from  mesangial 
cells  (and  possibly  other  cell  types,  including 
endothelial  cells  [17])  in  response  to  FK  506 
exposure  may  act  locally  via  ET-1  receptors 
within  the  kidney  to  influence  renal 
haemodynamics.  The  fact  that  mesangial  cells 
themselves  possess  ET-1  receptors  gives  rise  to 
the  possibility  of  an  autocrine  pathway  for  FK 
506  action.  The  effect  of  FK  506  on  mesangial 
ET-1  release  was  shown  to  be  blocked  by  addi¬ 
tion  of  FPL  65620,  suggesting  that  this  FK  506 
action  (as  with  its  diabetogenic  effect)  occurs  via 
binding  to  the  FKBP.  Although  links  between 
FK  506,  mesangial  ET-1  and  in  vivo  renal 
dysfunction  remain  to  be  proven  and  relevance 
to  the  clinical  situation  established,  these  data 
indicate  that  further  work  on  this  model  would 
be  justified  in  order  to  fully  assess  its  merit  as  a 
screen  for  the  nephrotoxic  potential  of  FK  506 
analogues. 

4.  Discussion 

The  potent  inhibitory  action  of  FK  506  on 
pancreatic  insulin  synthesis  and  the  insulin-asso¬ 


ciated  glucose  intolerance  demonstrated  by  FK 
506  in  experimental  models  is  consistent  with  its 
diabetogenic  effect  observed  in  the  clinic.  Al¬ 
though  unequivocal  evidence  of  insulin  inhibition 
as  the  functional  target  for  FK  506-induced 
diabetogenesis  is  presently  lacking  from  the 
clinic,  experimental  findings  indicate  that  this  is 
highly  probable.  Data  from  the  in  vitro  islet 
studies  carried  out  on  FK  506  analogues  indicate 
that  the  action  of  FK  506  on  insulin  may  have 
mechanistic  parallels  with  its  immunosuppressive 
effect.  Scope  for  separation  of  efficacy  and  toxici¬ 
ty  (with  respect  to  diabetogenic  potential)  would 
therefore  appear  to  be  limited,  although  devia¬ 
tions  observed  for  some  FK  506  analogues  main¬ 
tain  the  possibility  for  selectivity.  Selectivity 
would  undoubtedly  be  facilitated  by  a  greater 
understanding  of  the  role  of  FKBP/calcineurin 
involvement  in  the  control  of  insulin  biosyn¬ 
thesis. 

The  detailed  mechanism  responsible  for  the 
nephrotoxic  action  of  FK  506  is  not  yet  estab¬ 
lished.  Observations  on  the  effect  of  FK  506  on 
ET-1  release  from  mesangial  cells  in  vitro  are 
consistent  with  a  vascular/ haemodynamic  mode 
of  action,  although  further  work  is  required  in 
order  to  establish  the  relevance  and  significance 
of  this  finding.  The  effect  of  FPL  65620  in 
blocking  ET-1  release  by  FK  506  does  however 
indicate  that  the  mesangial  cell  action  of  FK  506 
is  FKBP-dependent  and  therefore  probably  asso¬ 
ciated  with  its  immunosuppressive  mode  of  ac¬ 
tion.  A  link  between  nephrotoxicity  and  im¬ 
munosuppression  is  further  indicated  by  the 
increasingly  apparent  similarities  between  FK 
506  and  CsA  effects  in  the  clinic.  A  number  of 
different  mechanisms  and  targets  have  been 
suggested  to  explain  FK  506-induced  nephro¬ 
toxicity  reflecting  both  the  complexity  and  mul¬ 
tiplicity  of  systems  controlling  renal  homeostasis. 
This  is  further  complicated  by  the  wide  tissue 
distribution  of  the  FKBP,  effectively  increasing 
the  number  of  potential  targets  for  FK  506 
action.  Indeed,  it  seems  probable  that  the  renal 
dysfunction  caused  by  the  drug  may  be  the 
combined  result  of  a  number  of  individual  ef¬ 
fects. 

Although  the  results  of  these  studies  tend  to 
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diminish  the  prospect  of  improving  the  therapeu¬ 
tic  ratio  of  FK  506-based  compounds  through 
differential  reduction  of  its  toxicity  profile,  mech¬ 
anistic  strategies  based  upon  identification  and 
utilization  of  the  target  toxicity  for  correlation 
with  efficacy  parameters  have  clearly  been  shown 
to  have  value  in  structure-activity  based  drug 
discovey. 
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Abstract 

Drugs  can  fail  at  any  phase  during  discovery,  preclinical  or  clinical  development  due  to  unacceptable  levels  of 
toxicity,  and  liver  is  commonly  the  principle  target  organ.  Investigational  toxicology  methods,  using  appropriate 
models  and  hypotheses,  can  often  resolve  problems,  identify  toxic  chemical  substituents  and  salvage  therapeutic 
discovery  programs.  While  in  vivo  models  are  used  to  investigate  hepatic  drug  effects  in  the  context  of 
toxicokinetics  and  systemic  influences,  cell  culture  models  provide  in  vitro  systems  for  investigating  specific 
mechanisms  in  a  precisely  controlled  environment.  Using  primary  hepatocytes  isolated  from  laboratory  animals,  we 
have  explored  several  drug-induced  hepatic  disorders  that  surfaced  during  different  phases  of  drug  discovery  and 
development.  Additionally,  the  use  of  human  hepatocytes  has  allowed  us  to  address  concerns  for  human  exposure, 
examine  human  relevance  of  animal  data,  and  provide  perspective  on  problems  encountered  in  clinical  trials. 

Keywords:  Liver;  Hepatotoxicity;  Hepatocyte;  Drug;  In  vitro 


1,  Introduction 

The  drug  discovery  and  development  process 
consists  of  a  series  of  investigational  phases, 
beginning  with  the  demonstration  of  efficacy  in 
experimental  cell  and  animal  models  and  con¬ 
cluding  with  the  demonstration  of  safety  and 
efficacy  in  humans.  This  process  is  long  and  often 
protracted  by  unanticipated  problems.  Drugs  can 
fail  at  any  point,  and  failure  at  later  times  is 
inevitably  more  costly.  While  failure  can  be  due 
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to  a  variety  of  factors  (including,  for  example, 
business  and  manufacturing  considerations),  it  is 
often  due  to  unacceptable  toxicity  in  one  or  more 
animal  species  or  in  clinical  trials.  By  contribut¬ 
ing  to  the  understanding  of  a  toxicity  and  pro¬ 
viding  perspective,  investigational  toxicology 
programs  can  enhance  the  discovery  and  de¬ 
velopment  process.  Investigational  toxicology 
efforts  can  provide  information  regarding  toxic 
mechanisms  of  a  drug,  and  models  for  avoiding 
repeated  toxicity  problems.  For  toxicity  revealed 
during  preclinical  development,  determining  the 
mechanism  and  providing  an  investigational 
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model  can  contribute  to  the  discovery  or  design 
of  a  less  toxic  analog.  Alternatively,  mechanistic 
studies  can  place  the  observed  toxicity  in  per¬ 
spective  in  regards  to  human  risk.  Unfortunately, 
not  all  problems  can  be  anticipated  during  pre- 
clinical  development,  and  toxicity  can  be  en¬ 
countered  during  the  clinical  trial  phase.  In  this 
situation,  investigational  techniques  can  help 
identify  the  biological  mechanism  of  toxicity  in 
regard  to  species  differences  (and  lack  of  predic¬ 
tability),  and  perhaps  salvage  a  chemical  series 
with  promising  pharmacology  and  its  corre¬ 
sponding  discovery  program  by  identifying  the 
responsible  chemical  moiety. 

In  mechanistic  problem  solving,  it  is  important 
to  select  appropriate  investigational  models. 
While  in  vivo  models  are  needed  to  investigate 
drug  effects  in  the  context  of  toxicokinetics  and 
systemic  influences,  in  vitro  models  can  be  effi¬ 
cient  and  cost-effective  tools  for  investigating 
specific  mechanisms  in  a  precisely  controlled 
environment.  In  vitro  models  are  generally 
target-organ  based,  and  the  most  frequently 
encountered  target-organ  toxicity  is  liver.  This  is 
due  to  a  variety  of  reasons  but  is  generally 
related  to  drug  clearance  and  metabolism.  Three 
experimental  models  are  in  common  use  for 
studying  hepatic  toxicity:  perfused  liver,  pre¬ 
cision-cut  slices  and  isolated  cells  (usually  hepat- 
ocytes).  Each  model  has  its  advantages  and 
disadvantages,  and  model  selection  should  be 
based  on  the  specific  problem  to  be  resolved.  In 
this  report  we  discuss  the  utility  of  primary 
cultured  hepatocytes  isolated  from  a  variety  of 
species  as  models  for  investigating  drug-induced 
hepatic  toxicity,  and  the  incorporation  of  these 
models  into  various  phases  of  the  drug  discovery 
and  development  process.  Cultured  rat  hepat¬ 
ocytes  and  other  cell  models  have  been  used  for 
many  years  to  study  toxicology  in  vitro  (reviewed 
in  [1]),  and  the  application  of  cultured  hepat¬ 
ocytes,  particularly  rodent,  for  examining  hepatic 
xenobiotic  toxicity  and  metabolism  has  been  the 
subject  of  books  (i.e.,  [2]).  Cultured  human 
hepatocytes  have  facilitated  the  evaluation  of 
human  responses  relative  to  other  animal 
species.  For  example,  cultured  human  hepat¬ 
ocytes  have  been  used  to  examine  human  drug 
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Fig.  1.  Applications  ol"  investigative  toxicology  studies  using 
cultured  hepatocytes  in  the  drug  discovery  and  development 
process.  Cultured  hcpatocyte  models  have  been  used  at 
several  points  in  preclinical  (non-human)  and  clinical 
(human)  drug  development.  (1)  Screening  drugs  that  exhibit 
hepatic  toxicity  or  other  hepatic  effects  for  lead  selection.  (2) 
Mechanistic  studies  to  address  specific  concerns  (i.e.,  peroxi¬ 
some  proliferation  or  hepatic  steatosis)  and  metabolism 
studies  for  animal  toxicology  species  selection.  (3).  Mechanis¬ 
tic  studies  to  resolve  hepatic  toxicity  problems,  provide 
potential  human  relevance  and  clinical  markers.  (4)  Inves¬ 
tigational  studies  to  determine  mechanism  for  hepatic  toxicity 
observed  in  human  clinical  trials.  At  all  phases,  feedback  is 
provided  to  the  drug  discovery  effort. 


metabolism  [3],  genotoxic  potential  of  chemicals 
towards  human  liver  [4],  and  relevance  of  animal 
toxicology  findings  to  humans  [5].  Cultured 
hepatocytes,  as  models  for  investigative  toxicolo¬ 
gy,  have  moved  well  beyond  the  experimental 
stage  and  have  become  incorporated  as  key 
components  in  the  drug  discovery  and  develop¬ 
ment  process  (Fig.  1). 


2.  Hepatocyfe  isolation,  culture  and 
cryopreservation 

Rat  hepatocyte  isolation  protocols  have  in 
general  been  based  on  the  2-step  collagenase 
perfusion  devised  by  Seglen  [6],  This  perfusion 
technique  was  modified  and  adapted  for  isolating 
monkey  hepatocytes  [7],  a  procedure  that  has 
also  worked  well  for  isolating  hepatocytes  from 
other  species  (rabbit,  dog,  pig  and  human).  For 
short-term  culture  (up  to  4  days),  isolated  hepat¬ 
ocytes  are  plated  on  collagen  substrates,  al¬ 
though  rat  hepatocytes  will  attach  to  uncoated 
tissue  culture  plastic.  For  long-term  culture  it  is 
necessary  to  provide  hepatocytes  with  the  signals 
needed  to  maintain  differentiated  functions.  This 
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is  accomplished  by  a  variety  of  methods  includ¬ 
ing  (but  not  limited  to)  co-culture  with  epithelial 
cells  [8],  addition  of  basement  membrane  (mat- 
rigel;  [9]),  or  culture  in  a  collagen  sandwich  [10]. 

The  utility  of  hepatocytes  isolated  from  an 
individual  donor  can  be  extended  by  cold  storage 
and  cryopreservation.  Cold  storage  techniques 
extend  the  useful  window  to  about  48  h  post¬ 
isolation  with  little  loss  in  viability  [11],  while 
cryopreservation  can  extend  this  period  indefi¬ 
nitely  [12].  The  development  of  successful  meth¬ 
ods  for  cryopreservation  has  lagged  behind  pro¬ 
gress  in  isolation  and  culture  techniques,  how¬ 
ever,  and  viability  of  stored  cells  is  inevitably 
much  lower  than  freshly  isolated  or  cold-stored 
cells.  Loss  of  viability  is  due  to  several  factors 
including  initial  cell  integrity,  hypoxia  during 
freezing,  ice  crystal  formation  during  or  after 
freezing,  and  toxicity  of  cryopreservation 
medium  components.  For  human,  the  most  dif¬ 
ficult  factor  to  control  is  the  initial  cell  integrity. 
While  viability  following  isolation  may  be  high 
(90-95%),  cells  may  be  compromised  by  an 
extended  time  period  between  organ  cross-clamp 
and  cell  isolation  procedures.  In  our  experience, 
the  best  human  hepatocytes  for  cryopreservation 
are  obtained  from  donor  tissue  with  minimal 
transport  time  (less  than  24  h)  and  minimal 
hepatocellular  fat  content.  Hypoxia  during  freez¬ 
ing  can  be  reduced  by  periodic  inversion  of  the 
storage  vials  (C.  Chesne  and  A.  Guillouzo,  pers. 
commun.),  though  this  is  difficult  if  an  automated 
cell  freezer  is  used.  Ice  crystal  damage  can  be 
minimized  by  controlled  freezing  at  a  rate  of 
-l°C/min  with  special  care  at  the  freezing  point, 
since  this  is  where  damage  is  most  likely  to 


occur.  Temperature  records  from  automated 
freezers  are  quite  useful  for  monitoring  specimen 
warming,  and  programs  can  be  adjusted  accord¬ 
ingly.  Frozen  cells  should  be  stored  in  liquid 
nitrogen  to  prevent  ice  recrystalization.  Most 
freezing  media  contain  serum  (10-90%)  and  a 
cryoprotectant  such  as  DMSO  (10-15%).  At 
these  concentrations  DMSO  can  be  toxic,  thus 
cells  should  be  rinsed  as  soon  as  possible  after 
rapid  thawing.  Even  under  the  best  of  conditions, 
plating  efficiency  is  reduced  by  about  50%  for 
most  species  [12].  We  use  a  protocol  developed 
for  monkey  hepatocyte  cryopreservation  [13]  to 
freeze  human  hepatocytes.  A  summary  of  re¬ 
covery  viability  and  plating  efficiencies  is  pre¬ 
sented  in  Table  1. 


3.  Drug  metabolism  by  cultured  hepatocytes 

One  principle  reason  for  using  hepatocytes  for 
in  vitro  toxicology  studies  as  opposed  to  other 
cultured  cell  types  (i.e.,  hepatoma  cell  lines)  is 
their  capacity  for  drug  biotransformation.  Cul¬ 
tured  hepatocytes  are  known  to  lose  cytochrome 
P450  activities  with  time  compared  to  in  vivo 
levels.  Metabolizing  capacity  can  be  maintained 
or  induced  by  addition  of  other  matrix  materials 
such  as  matrigel  [9,14]  or  a  specific  cytochrome 
activity  can  be  induced  with  the  appropriate 
inducing  agent,  such  as  4A1  and  2B1  induction 
by  clofibrate  [15].  However,  sufficient  metaboliz¬ 
ing  capacity  does  remain  over  the  first  few  days 
in  culture  on  collagen  for  many  applications.  This 
is  demonstrated  by  the  experiments  summarized 
in  Fig.  2  and  Table  2.  The  triazoloben- 


Table  1 


Hepatocyte  viability  and  plating  efficiency  following  cryopreservation 


Viability  before 
freezing 

Viability  after 
freezing 

Viable  cells  plated 

Cells  attached 

Plating  efficiency1' 

Example  (monkey) 

93% 

85% 

1.1  x  105/cm2 

5  X  104/cm2 

45% 

Range  (monkey) 

90-98% 

80-90% 

40-65% 

Range  (human) 

85-95% 

75-85% 

40-65% 

The  example  is  from  a  single  monkey  hepatocyte  isolation  and  cryopreservation  study;  the  ranges  for  monkey  and  human  are 
summarized  from  several  (>15)  isolations.  Viability  was  determined  by  trypan  blue  dye  exclusion,  and  plating  efficiency  was 
determined  by  cell  counting. 
a  Percent  of  viable  cells  that  attached  to  plates. 
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Adinazolam  N,N-dem6thyl-N-formyladinazolam  N-demethyladinazolam 


alpha- hydroxyalprazolam  Estazolam  N-demethyl-N-acetyladinazotam 

Fig.  2.  Proposed  metabolic  path  of  adinazolam  in  humans. 


zodiazepine,  adinazolam,  is  extensively  metabo¬ 
lized  by  many  species  including  humans  [16].  The 
proposed  metabolic  route  and  resultant  human 
metabolite  structures  are  presented  in  Fig.  2. 
One  day  (24  h)  after  isolation,  cultured  hepat- 
ocytes  from  human,  monkey,  dog  and  rat  on 
collagen-coated  dishes  were  exposed  to 
adinazolam  at  a  concentration  of  15  /zg/ml  for  a 
24-h  period.  Culture  media  were  then  analyzed 
by  HPLC  for  concentrations  of  parent  drug  and 
metabolites.  In  general,  the  metabolites  formed 
in  vitro  correlated  well  with  those  formed  in  vivo 
(Table  2),  with  clear  demonstration  of  species- 
specific  metabolites.  Also  included  for  compari¬ 
son  is  the  metabolite  profile  obtained  with  rat  S9, 
which  produced  a  somewhat  different  pattern  of 
metabolism  from  rats  or  rat  hepatocytes.  The 
data  presented  indicate  that  cultured  hepatocytes 
maintain  the  capacity  to  metabolize  this  drug  at 


Table  2 


A  comparison  of  adinazolam  and 
hepatocyte  cultures  in  vitro 

metabolites 

detected  in 

plasma  and 

urine  from  animals 

in  vivo 

and  the  corresponding 

Species 

Source 

Parent  drug  and  metabolites 

ADM 

DMFA 

DMA 

DDMA 

DDAA  aHA 

EST 

oDHA  DHMA 

Human 

Plasma 

*Mj 

*Tr 

*Mj 

*Mj 

#  * 

Urine 

* 

* 

*Mj 

*Tr 

*Tr  * 

* 

Hepatocytes 

*Mj 

*Mj 

* 

*Mj 

:|:Tr 

Monkey 

Plasma 

*Mj 

* 

*Mj 

*Mj 

*  * 

* 

Urine 

* 

*Tr 

!!:Mj 

*Tr 

*Tr  *Xr" 

-Tr 

:!:Tr  -Tr 

Hepatocytes 

*Mj 

*Tr 

*Mj 

*Mj 

*  * 

*Tr 

Dog 

Plasma 

*Mj 

*Mj 

*Mj 

*Mj 

*Mj 

* 

Urine 

* 

* 

* 

* 

*Mj 

-Mj 

Hepatocytes 

*Mj 

*Tr 

*Mj 

* 

*Mj 

-Tr 

Rat 

Plasma 

*Mj 

* 

* 

Urine 

* 

* 

* 

* 

*Mj 

"Mj 

Hepatocytes 

*Mj 

*Tr 

*Mj 

*Mj 

:i:Tr 

*Tr 

Rat  S9 

*Mj 

* 

*TUb 

*Tr 

*Tr 

Identified  from  urine  after  hydrolysis  of  glucuronide  or  sulfate. 
b  Questionable  identity  of  metabolite  identified  by  TLC. 

*  Asterisk  indicates  detection  of  a  drug-related  metabolite. 

ADM,  adinazolam;  DMFA,  A-demethyl-N-formyladinazolam;  DMA.  jV-demelhyladinazolam;  DDMA,  N,N- di- 
demethyladinazolam;  DDAA,  A,/V-didemethyl-iV-acetyladinazolarn;  aHA,  o'-hydroxyalprazolam:  EST,  estazolam:  crDHA,  aA- 
dihydroxyalprazolam;  DHMA,  a,4'-dihydroxymethylalprazolam.  Mj,  major  identifiable  drug-related  compound  at  concentration 
>10%  of  metabolites  formed;  Tr  indicates  trace  identifiable  drug-related  compound  at  concentration  <1.0%  of  metabolites 
formed. 
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least  for  the  first  few  days  in  culture.  In  practical 
use,  such  drug  metabolism  profiles  can  be  used 
prospectively  to  help  select  the  laboratory 
species  that  produce  a  metabolic  profile  most 
similar  to  humans  to  use  in  preclinical  toxicology 
studies.  Alternatively,  if  toxicity  is  observed  in 
one  animal  species,  metabolic  profiles  generated 
by  cultured  hepatocytes  can  be  used  to  identify 
potential  toxic  metabolites  and  determine  po¬ 
tential  human  exposure. 

4.  Applications  in  investigative  toxicology 

In  practice,  we  can  rarely  determine  the  pre¬ 
cise  mechanism  of  toxicity  for  any  drug  but  can 
establish  sufficient  surrogate  models  and  assays 
to  aid  discovery  and  development  efforts.  To 
investigate  mechanism  and  provide  in  vitro 
models  to  support  discovery  efforts,  a  combina¬ 
tion  of  cytotoxicity  and  cell  functional  assays  are 
developed.  When  evidence  of  hepatic  toxicity  is 
first  observed,  the  immediate  task  is  to  determine 
the  sensitive  species;  this  may  require  limited 
additional  in  vivo  studies.  For  example,  to  in¬ 
vestigate  hepatic  toxicity  observed  in  the  dog, 
but  not  the  rat,  dog  hepatocytes  would  be  the 
initial  species  to  examine  as  a  potential  in  vitro 
model.  It  is  then  important  to  establish  assay 
endpoints  to  be  used  in  vitro  that  mimic  aspects 
of  the  toxicity  observed  in  vivo.  Cytotoxicity  (cell 
lysis)  assays  such  as  lactate  dehydrogenase 
(LDH)  release  or  propidium  iodide  uptake  are 
useful  for  determining  relative  sensitivity  be¬ 
tween  species  (including  human),  and  whether 
hepatic  toxicity  can  be  attributed  to  direct  drug 
exposure.  These  assays  are  employed  early  in  the 
investigational  process,  and  may  provide  clues  as 
to  whether  or  not  drug  metabolism  is  prereq¬ 
uisite  to  cell  death,  or  if  cell  death  may  be  due  to 
intrinsic  levels  of  parent  drug.  Generally,  the 
utility  of  cytotoxicity  assays  is  limited  to  estab¬ 
lishing  drug  exposure  times  and  concentrations 
that  are  not  cytolytic  and  may  be  used  to  further 
investigate  cell  physiology. 

Detecting  cell  physiological  changes  in  vitro 
that  are  reflective  of  cell  physiological  changes  in 
vivo  is  an  important  step  in  determining  bio¬ 


logical  mechanism.  Most  drugs  do  not  produce 
hepatic  toxicity  directly  but  rather  work  by 
perturbing  essential  physiological  processes,  such 
as  inhibiting  ATP  synthesis  or  ion  transport. 
While  this  may  eventually  lead  to  cell  death 
(likely  through  apoptosis  as  opposed  to  oncosis), 
cells  in  culture  may  not  die  in  the  presence  of 
physiologically  relevant  concentrations  of  drug. 
It  is  therefore  necessary  to  establish  cellular 
markers  (assay  endpoints)  that  are  sensitive  to 
physiological  or  structural  changes  that  precede 
cell  death.  Clues  as  to  the  appropriate  cell 
functional  markers  to  investigate  are  obtained 
from  careful  examination  of  existing  animal  data, 
which  may  include  hepatic  structural  alterations 
(fat  deposition,  mitochondrial  swelling,  endoplas¬ 
mic  reticulum  or  peroxisomal  proliferation), 
functional  alterations  (changes  in  blood  glucose 
or  albumin)  and  enzymatic  alterations  (changes 
in  cytochrome  P450,  lysosomal  or  peroxisomal 
enzyme  activities).  It  is  apparent  that  the  par¬ 
ticular  assays  employed  in  vitro  are  thus  as 
varied  as  the  biological  mechanisms  of  toxicity 
produced  by  drugs  in  whole  animals  and  are  best 
explored  by  example. 

The  following  discussions  summarize  studies 
concerning  2  different  drugs  that  produced  inves¬ 
tigative  toxicology  challenges  at  different  phases 
of  drug  development.  The  first,  trospectomycin, 
provides  an  example  of  a  toxicology  problem 
that  surfaced  during  preclinical  development 
studies.  The  second,  panadiplon,  is  an  example  of 
a  problem  that  occurred  during  clinical  develop¬ 
ment.  In  both  cases,  investigational  models  were 
provided  to  discovery  program  chemistry  efforts. 


5.  Trospectomycin:  hepatic  toxicity  observed 
during  preclinical  development 

Trospectomycin  (Fig.  3)  is  a  highly  water-solu¬ 
ble,  broad-spectrum  antibiotic  with  improved 
antimicrobial  activity  over  spectinomycin  [17]. 
During  preclinical  development  it  was  found  to 
produce  a  dose-  and  time-dependent  increase  in 
serum  ALT  and  AST  values  in  rats  and  dogs, 
along  with  a  coincident  and  reversible  appear- 
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Trospectomycin 


Panadiplon 


HO-C 


A 


Cyclopropane  carboxylic  acid 


Fig.  3.  Chemical  structures  for  the  antibiotic  trospectomycin 
(U-63366F;  6'-/i-propylspectinomycin  hydrogen  sulfate, 
pentahydrate).  the  quinoxalinone  anxiolytic  panadiplon 
(U-78875:  3-[5-cyclopropyl-l,2,4-oxadiazol-3ylJ-3-[l-methyl- 
ethyl]-imidazo{ l,5-a}-quinoxalin-4[5H]-one),  and  a  metabo¬ 
lite  of  panadiplon,  CPCA. 


2000- 

o 

OC  1500  i 
h- 

o  !  °  Trospectomycin 


A  Erythromycin 


0  . . . . r— - i - T - , _ _ _ 

OmM  .OlmM  .ImM  ,5mM  I.OmM  3.0mM  5.0mM 
DRUG  CONCENTRATIONS 

Fig.  4.  Cytotoxicity  of  the  antibiotic,  trospectomycin,  com¬ 
pared  to  erythromycin  in  cultured  rat  hepatocytes.  Hepal- 
ocytes  were  incubated  for  24  h  in  the  presence  of  drugs,  and 
cytotoxicity  was  determined  bv  LDFI  present  in  medium. 
Results  are  expressed  as  percent  control  values  for  paired 
control  cultures. 


ance  of  hepatocellular  lamellar  inclusion  bodies 
and  phospholipidosis  [18,19].  To  investigate  the 
potential  mechanistic  role  that  phospholipid  ac¬ 
cumulation  may  play  in  producing  cell  death,  we 
conducted  experiments  with  cultured  rat  hepat¬ 
ocytes  and  the  perfused  rat  liver  model.  End¬ 
points  selected  for  these  studies  included  cell 
lytic  assays  (enzyme  release)  and  lamellar  body 
formation  (as  a  marker  for  phospholipidosis). 
The  results  of  these  experiments  clearly  differen¬ 
tiated  lamellar  body  induction  from  cytotoxic 
activity  [20,21],  indicating  that  phospholipidosis 
does  not  directly  or  necessarily  result  in  toxicity. 
Further,  examination  of  structural  analogues 
indicated  that  increased  alkyl  side  chain  length 
was  responsible  for  increased  phospholipid  stor¬ 
age  and  toxicity  [22],  providing  a  mechanistic 
model  to  synthetic  chemistry  efforts.  Phos¬ 
pholipidosis  potential  determination  has  been 
further  enhanced  by  the  development  of  a  fluo¬ 
rescence  technique  [23]. 

Cultured  hepatocytes  from  rat,  monkey  and 
human  were  also  used  to  estimate  relative  or 


potential  human  risk.  In  these  experiments, 
hepatocytes  were  plated  on  collagen  and,  follow¬ 
ing  overnight  incubation,  exposed  to  several 
concentrations  of  trospectomycin  for  24-48  h. 
Cells  were  examined  for  cytotoxicity  by  LDH 
release  [24]  and  lamellar  body  formation  by 
electron  microscopy.  Trospectomycin  produced 
cytotoxicity  at  concentrations  >1.0  mM  in 
Sprague-Dawley  rat  hepatocytes  (Fig.  4);  signifi¬ 
cant  lamellar  body  induction  was  observed  at  1 
mM  [22].  Monkey  and  human  hepatocytes,  how¬ 
ever,  showed  no  evidence  of  cytotoxicity  or 
lamellar  body  induction  at  concentrations  up  to 
and  including  5.0  mM  (Figs.  5  and  6),  even  after 
48  h  continuous  exposure.  By  comparison,  ery¬ 
thromycin  (base)  produced  significant  cytotoxici¬ 
ty  at  concentrations  of  0.5  mM  and  above  in  rat 
and  monkey  hepatocytes.  These  experiments 
indicate  that  humans  and  monkeys  are  more 
resistant  to  trospectomycin-induced  toxicity  and 
phospholipidosis  than  rat.  The  relevance  of  di¬ 
rect  drug  exposure  in  this  case  is  supported  by 
the  minimal  metabolism  of  trospectomycin  [25]. 
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DRUG  CONCENTRATIONS 

Fig.  5.  Cytotoxicity  of  the  antibiotic,  trospectomycin,  com¬ 
pared  to  erythromycin  in  cultured  monkey  ( Macaco  fas- 
cicularis )  hepatocytes.  Hepatocytes  were  incubated  for  24  h 
in  the  presence  of  drugs,  and  cytotoxicity  was  determined  by 
LDH  present  in  medium.  Results  are  expressed  as  percent 
control  values  for  paired  control  cultures. 


DRUG  CONCENTRATION,  mM 

Fig.  6.  Cytotoxicity  evaluation  of  the  antibiotic,  trospec¬ 
tomycin,  in  cultured  human  hepatocytes.  Cells  were  isolated 
from  the  liver  of  a  5-year-old  male  donor,  plated  on  collagen, 
and  after  overnight  incubation  were  exposed  to  drug  at 
concentrations  up  to  5  mM  for  24  or  48  h.  Cytotoxicity,  as 
measured  by  LDH  release,  was  not  observed  in  this  or  other 
human  isolates.  Results  are  medium  LDH  values  expressed 
as  a  percent  of  the  total  enzyme  activity  (medium  +  cell 
LDH). 


6.  Panadiplon:  hepatic  toxicity  observed  during 
clinical  development 

Panadiplon  (Fig.  3),  is  a  non-benzodiazapine 
anxiolytic  that  was  being  developed  for  treat¬ 
ment  of  Generalized  Anxiety  Disorder  and  Panic 
Disorder.  No  evidence  of  toxicity  was  observed 
in  preclinical  development  studies  (rat,  dog  and 
monkey),  but  serum  transaminase  elevations 
were  observed  in  a  few  humans  during  phase  I 
clinical  trials.  Since  no  animal  model  existed  for 
this  hepatic  toxicity,  it  was  necessary  to  find  one 
prior  to  establishing  in  vitro  models.  Subsequent¬ 
ly,  we  were  able  to  show  that  in  the  rabbit, 
panadiplon  produced  a  hepatic  toxic  syndrome 
that  was  not  produced  in  other  species  and  that 
occurred  at  drug  exposure  levels  relevant  to 
human  exposure  [26].  The  toxicity  was  detected 
by  an  increase  in  serum  transaminases  in  some 
animals,  and  was  characterized  by  hepatic  fat 
deposition  and  centrilobular  necrosis.  By  con¬ 
ducting  mechanistic  experiments  with  cultured 
rabbit  hepatocytes,  we  were  subsequently  able  to 
demonstrate  that  panadiplon  inhibited  mitochon¬ 
drial  fatty  acid  /3-oxidation  and  rhodamine  123 
transport  [27].  This  inhibition  was  also  observed 
in  human,  but  not  rat,  hepatocytes. 

The  inhibitory  activity  of  panadiplon  on  mito¬ 
chondrial  functions  increased  with  exposure 
time,  suggesting  a  requirement  for  drug  metabo¬ 
lism.  Early  experiments  with  a  putative  metabo¬ 
lite,  cyclopropane  carboxylic  acid  (CPCA;  Fig. 
3),  indicated  this  compound  mimicked  the  inhib¬ 
itory  activities  of  the  parent  drug  in  vitro.  When 
the  generation  of  CPCA  in  vivo  had  been  con¬ 
firmed  (P.G.  Pearson,  unpublished  observations), 
subsequent  rabbit  studies  indicated  that  this 
metabolite  could  produce  hepatic  toxicity  identi¬ 
cal  to  panadiplon  in  rabbits  [28].  It  was  con¬ 
cluded  that  the  cyclopropane  group,  released  as  a 
carboxylic  acid  metabolite,  was  responsible  for 
the  toxicity  observed  in  rabbits  and  likely  in 
humans.  Interestingly,  inhibition  of  mitochon¬ 
drial  function  alone,  in  vitro  or  in  vivo,  was  not 
sufficient  to  produce  hepatocellular  death,  but 
rather  some  form  of  secondary  insult  such  as 
hypoxia  appeared  to  be  required  (manuscript 
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submitted).  Results  from  these  studies  were 
subsequently  applied  to  chemistry  synthetic  ef¬ 
forts. 


7.  Conclusion 

Cultured  hepatocytes  are  useful  models  for 
investigating  the  toxicity  of  drugs,  including 
metabolism,  biological  and  chemical  mecha¬ 
nisms.  Results  from  in  vitro  studies,  which  must 
be  considered  in  perspective  to  animal  and 
human  data,  can  provide  structure-toxicity  in¬ 
formation  to  drug  discovery  team  efforts,  explain 
species  differences  in  hepatic  toxicity,  and  pro¬ 
vide  an  estimate  of  potential  human  risk. 
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Abstract 

Administration  of  certain  foreign  chemicals  to  animals  elicits  responses  that  are  due  to  receptor-mediated 
activation  of  gene  expression.  Among  the  most  well  studied  receptors  are  the  Ah  receptor  (AHR)  that  binds 
2,3 ,7,8-tetrachlorodibenzo-p -dioxin  and  related  compounds  and  the  peroxisome  proliferator-activated  receptors, 
PPARs.  that  mediate  gene  activation  by  the  diverse  group  of  peroxisome  proliferators.  These  receptors  may  also 
have  critical  roles  in  development  or  physiological  homeostasis  in  addition  to  their  abilities  to  allow  animals  to 
interact  with  exogenous  chemicals  or  xenobiotics.  To  explore  the  function  of  AHR  and  PPARa  and  to  determine 
whether  they  participate  in  the  adverse  effects  of  dioxins  and  peroxisome  proliferators,  gene  knockout  mice  were 
developed. 

Keywords:  Peroxisome  proliferators;  Dioxin;  Ah  receptor;  Hepatic  fibrosis 


1.  Ah  receptor  (AHR)  knockout  mice 

1.1.  The  AHR 

The  Ah  receptor  (AHR)  is  the  ligand  binding 
subunit  of  a  dimeric  ligand-activated  nuclear 
transcription  factor  that  binds  to  upstream  reg¬ 
ulatory  elements  of  target  genes  [1].  This  re¬ 
ceptor  activates  genes  after  binding  to  TCDD, 
polycyclic  aromatic  hydrocarbons,  PCBs  and 
other  chemical  inducers.  In  the  absence  of  ligand, 
the  AHR  is  bound  to  two  molecules  of  heat 
shock  protein  90  (hsp90).  Upon  ligand  binding, 
the  AHR  dimerizes  with  another  protein  called 
Ah  receptor  nuclear  translocator  (arnt),  co¬ 
incident  with  liberation  of  hsp90.  This  complex  is 
capable  of  binding  to  the  Ah  receptor  regulatory 
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element  (AhRE)  and  activating  gene  transcrip¬ 
tion.  Both  AHR  and  arnt  have  similar  modular 
domain  structures  and  are  considered  members 
of  the  helix-loop-helix  superfamily  of  transcrip¬ 
tion  factors  that  include  the  Drosophila  Sim  and 
Per  gene  products  [1].  The  AHR  is  well  con¬ 
served  in  mammals  and  is  expressed  in  early 
embryos  and  most  tissues  and  cells  of  adult 
animals.  To  determine  the  role  of  AHR  in 
mammalian  development  and  physiology  and  in 
the  toxic  effects  of  dioxins,  the  AHR  gene  was 
disrupted  to  produce  AHR  deficient  mice 
(AHR-/~). 

1.2.  Production  of  AHR  1  knockout  mice 
Details  for  production  of  AHR  ;  have  been 
published  [2].  Briefly,  a  genomic  clone  containing 
the  first  two  exons  of  the  AHR  gene  was  isolated 
from  a  mouse  gene  library  using  the  AHR 
cDNA.  Exons  1  and  2  encompass  a  portion  of 
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the  helix-loop-helix  domain  of  the  protein.  Fol¬ 
lowing  a  standard  strategy  for  producing  a  gene 
knockout  targeting  vector,  the  phosphoribosyl- 
transferase  II  gene,  that  confers  neomycin  and 
G418  resistance  to  bacteria  and  mammalian  cells, 
respectively,  was  inserted  into  exon  1  just  down¬ 
stream  of  the  initiator  ATG.  The  herpes  simplex 
virus  promoter-driven  thymidine  kinase  expres¬ 
sion  cassette  (HSV-TK)  was  placed  at  the  5' 
terminal  end  of  the  genomic  segment  and  the 
construct  introduced  into  129/SV  mouse-derived 
embryonic  stem  cells  (ES)  by  use  of  electropora¬ 
tion.  Clones  growing  in  the  presence  of  G418 
(for  positive  selection  of  the  phosphoribosyl- 
transferase  II  gene)  and  ganciclovir  (for  negative 
selection  of  the  HSV-TK  gene)  were  selected. 
Specific  clones  were  identified  by  Southern  blot 
analysis  using  a  probe  that  flanks  the  targeting 
vector  AHR  genomic  DNA  in  the  native  AHR 
gene.  Three  clones,  out  of  980,  were  isolated  and 
injected  into  3.5-day-old  C57BL/6N  mouse  em¬ 
bryos  which,  upon  development,  revealed  the 
presence  of  129/SV  cells  by  virtue  of  the  brown 
coat  color  on  the  normally  black  C57BL/6N 
mouse  background.  Mating  of  these  ‘chimeric’ 
mice  to  C57BL/6N  revealed  germ  line  transmis¬ 
sion  of  the  ES  cell  genetic  background  and  mice 
harboring  a  disrupted  AHR  allele  identified  by 
Southern  blot  analysis  of  tail  DNA.  Heterozy¬ 
gous  mice  (AHR”  ")  were  bred  to  yield 
AHR~/_. 


1.3.  Characteristics  of  AHR  1  mice 
Heterozygous  AHR  "  mice  appeared  normal 
and  were  fertile.  However,  it  was  clearly  evident 
from  the  initial  AHR  /  +  breedings,  that 
AHR  mice  were  not  normal;  from  an  ex¬ 
pected  25%  of  the  homozygous  genotype  only 
less  than  5%  of  the  pups  surviving  after  1  week 
were  of  the  AHR”  genotype.  Most  died  within 
1-4  days  after  birth.  Necropsy  of  the  dead  mice 
revealed  the  presence  of  lymphocyte  infiltration 
in  various  organs,  most  notably  the  gut,  lung  and 
urinary  tract,  suggesting  that  the  cause  of  death 
was  opportunistic  infections.  AHR””  mice  that 
survived  after  the  initial  crisis  period,  exhibited  a 
lower  growth  rate  but  reached  maturity  and  were 


fertile.  Breeding  of  AHR  mice  resulted  in 
small  litters  of  between  one  and  four  pups. 

The  presence  of  lymphocyte  infiltration  sug¬ 
gested  that  the  immune  system  of  AHR”  mice 
was  not  normal.  Analysis  of  the  spleens  revealed 
smaller  than  normal  periarterial  lymphatic 
sheaths  as  compared  to  age-matched  normal 
mice  and  apparently  lower  numbers  of  lympho¬ 
cytes.  The  relative  ratios  of  CD4  and  CD8  T  cells 
and  CD45  B  cells  were  not  different  between  the 
AHR  and  AHR  f  mice.  Lower  lymphocytes 
were  also  found  in  lymph  nodes  of  young 
AHR  animals.  The  low  lymphocyte  counts 
were  most  prominent  in  immature  and  older 
animals;  levels  dropped  precipitously  between  10 
weeks  and  30  weeks  of  age.  These  results  suggest 
that  the  AHR  affects  the  appearance  of 
peripheral  T  and  B  cells. 

Other  major  organs  of  AHR  were  ex¬ 
amined  for  histological  abnormalities.  In  young 
and  old  mice,  the  liver  exhibited  evidence  of 
fibrosis  in  the  periportal  area  around  the  bile 
ducts,  hepatic  vein  and  artery.  In  young  animals, 
5—10%  of  the  liver  had  pockets  of  collagen 
accumulation,  which  increased  with  the  age  of 
the  animal.  In  older  animals,  fibrosis  was  also 
found  in  the  lung.  The  mechanism  by  which  the 
livers  became  fibrotic  is  unknown  but  probably 
results  from  death  of  liver  cells  similar  to  that 
seen  when  animals  are  administered  hepato- 
toxins.  Thus,  AHR  may  protect  the  liver  from 
endogenously-generated  toxins  or  it  may  be 
directly  involved  in  liver  cell  differentiation  or 
apoptosis. 

Expression  of  target  genes  controlled  by  the 
AHR  was  examined  by  Northern  blot  analysis  of 
mRNA  levels.  Administration  of  TCDD  (40  fig! 
kg)  to  mice  results  in  an  AHR-mediated  tran¬ 
scriptional  activation  of  many  genes  including 
CYP1A1 ,  CYP1A2 ,  and  a  form  of  UDP- 
glucuronosyltransferase  Ugtl*06.  In  AHR  ” 
mice  these  genes  are  not  induced,  thus  confirm¬ 
ing  their  requirements  for  the  AHR.  CYP1A2 
and  Ugtl*06  are  expressed  in  untreated  mice; 
however,  in  the  knockout  mice,  this  basal  expres¬ 
sion  is  lost.  These  data  indicate  that  AHR  is 
involved  in  constitutive  expression  of  certain 
genes  by  an  as  yet  unknown  mechanism. 
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1.4.  Future  prospects  for  the  AH R  mice 

The  AHR  is  clearly  required  for  normal  de¬ 
velopment  and  physiological  vitality  in  the 
mouse.  The  precise  mechanism  by  which  it  func¬ 
tions  in  the  liver  and  immune  system  is  unknown 
and  will  require  further  experimentation.  The 
AHR-/_  mice  will  be  an  important  animal 
model  to  determine  whether  the  receptor  is 
required  for  the  detrimental  developmental, 
teratologic,  toxic  and  carcinogenic  effects  of 
TCDD  and  polychlorinated  biphenyls  (PCB). 
Unfortunately,  the  mice  are  too  sick  for  reason¬ 
able  comparative  analysis.  In  order  to  attempt  to 
restore  health  to  these  animals  and  investigate 
some  of  the  deleterious  consequences  of  dioxins, 
the  receptor  may  have  to  be  expressed  in  the 
liver  by  use  of  a  transgenic  approach  with  a 
tissue-specific  promoter. 

2.  Peroxisome  proliferator-activated  receptor  a 
subunit  (PPARa)  knockout  mice 

2.1.  PPARa 

Peroxisome  proliferators  are  a  structurally 
diverse  group  of  chemicals  that  upon  chronic 
administration  to  rats  and  mice  cause  marked 
changes  in  the  liver  including  an  increase  in 
peroxisome  number  accompanied  by  hypertropy 
and  hyperplasia.  Long-term  administration  of 
potent  peroxisome  proliferators  results  in  hepa- 
tocarcinogenesis  [3].  Genes  encoding  peroxi¬ 
somal  enzymes,  cytochromes  P450s  in  the 
CYP4A  subfamily  and  mitochondrial  enzymes 
involved  in  fatty  acid  metabolism  are  under 
control  of  PPARa.  The  common  linkage  of  many 
of  the  enzymes  induced  by  peroxisome  prolif¬ 
erators  is  their  association  with  fatty  acid  metab¬ 
olism,  in  particular,  mitochondrial  and  perox¬ 
isomal  B -oxidation.  Peroxisome  proliferators  in¬ 
clude  the  fibrate  class  of  hyperlipidemic  drugs 
such  as  clofibrate,  certain  pthalate  ester  plasticiz¬ 
ers,  herbicides  and  some  chlorinated  hydrocar¬ 
bons,  all  of  which  are  chemically  unrelated  ex¬ 
cept  for  a  carbon  backbone  and  carboxylate 
function. 

Peroxisome  proliferators  appear  to  mediate 
their  effects  through  a  receptor-based  mecha¬ 
nism.  A  family  of  receptors  called  peroxisome 


proliferator-activated  receptors  (PPAR)  were 
found  that  can  transmit  the  chemical  signal  to  a 
transcriptional  gene  activation  response  [4]. 
PPARs  share  structural  modalities  with  receptors 
in  the  ligand-activated  steroid,  thyroid  and  reti¬ 
noic  acid  receptor  superfamily.  At  least  three 
PPARs  are  known  to  exist,  PPARa,  PPAR<5  (also 
called  NUC1)  and  PPARy,  with  PPARa  display¬ 
ing  properties  suggestive  of  a  principal  role  in  the 
peroxisome  proliferator  response  such  as  highest 
level  of  expression  in  liver,  kidney  and  heart  and 
the  ability  to  trans- activate  PPAR  response  ele¬ 
ments  (PPRE)  in  the  presence  of  peroxisome 
proliferator  chemicals  [5]. 

PPARa  requires  a  dimerization  partner  reti¬ 
noic  acid  X  receptor  alpha  (RXRa)  and  9-cis 
retinoic  acid  for  full  trans -activation  activity  [6,7]. 
To  determine  the  role  of  PPARa  in  the  effects  of 
peroxisome  proliferators  and  its  possible  role  in 
regulation  of  fatty  acid  metabolism,  the  PPARa 
gene  was  disrupted  to  produce  mice  that  lack 
expression  of  the  receptor. 

2.2.  Production  of  PPARa  knockout  mice 

PPARa  mice  were  generated  as  described 

earlier  [8].  A  genomic  clone  containing  exons  7 
and  8  of  the  PPARa  gene  was  isolated  from  a 
129 /SV  library.  These  exons  correspond  to  the 
putative  ligand-binding  domain  of  the  receptor 
[9].  The  phosphoribosyltransf erase  II  gene  was 
inserted  into  exon  8  and  the  HSV-TK  gene 
placed  on  the  3'  end  of  the  genomic  DNA 
segment  prior  to  electroporation  into  ES  cells.  In 
contrast  to  production  of  the  AHR  '  mouse, 
the  frequency  of  specific  recombination  was  5% 
of  clones  selected  in  the  presence  of  G418  and 
ganciclovir.  Several  clones  injected  gave  rise  to 
chimeric  mice  and  germ  line  transmission  of  the 
disrupted  allele.  Homozygous  mice,  designated 
PPARa _/_,  were  produced  and  were  found  to 
be  fertile. 

2.3.  Characterization  of  PPARa  1  mice 

Mice  having  two  disrupted  alleles  appeared  to 
be  normal.  They  reproduced  and  had  large  litters 
of  8-12  pups,  in  contrast  to  the  low  yield  of  pups 
made  by  AHR- 1  ~  mice.  Older  animals  are  about 
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20-30%  heavier  than  their  normal  or  hetero¬ 
zygous  counterparts.  Gross  pathological  analysis 
revealed  normal  organ  structures.  Histological 
examinations  uncovered  a  considerable  accumu¬ 
lation  of  fat  droplets  in  the  liver  and  kidney. 
Withdrawal  of  food  for  2  days  resulted  in  marked 
hepatohypertropy  and  a  marked  increase  in  liver 
fat  deposits  in  the  PPARa  mice.  No  increase 
in  fat  deposits  were  found  in  normal  mice  that 
were  starved  for  a  similar  period  of  time. 

Administration  of  the  peroxisome  proliferators 
clofibrate  (0.5%  wt/wt)  or  WY-14,463  (0.1%  wt / 
wt)  for  2  weeks  did  not  result  in  an  increase  in 
cellular  levels  of  peroxisomes  in  the  PPARa  ~  ~ 
mice,  whereas  the  same  treatment  caused  a 
typical  pleiotropic  response  in  either  normal  or 
PPARa  /  +  mice.  Livers  of  PPAR a~‘~  mice 
were  the  same  weight  in  the  treated  and  un¬ 
treated  groups  while  normal  mice  exhibited  a 
100%  increase  in  liver  weight  upon  administra¬ 
tion  of  WY-14,463.  Analysis  of  the  livers  of 
treated  PPARa  mice  for  mRNAs  encoding 
target  genes  revealed  no  evidence  for  induction 
of  genes  encoding  two  peroxisomal  enzymes,  two 
microsomal  CYP4A  cytochromes  P450  and  the 
liver  fatty  acid  binding  protein.  A  slight  increase 
in  thiolase  was  noted.  In  contrast,  and  as  ex¬ 
pected,  induction  of  enzymes  in  normal  mice  was 
highly  responsive  to  both  clofibrate  and  WY- 
14,463. 


2.4.  Future  prospects  for  the  PPARa  '  ~  mice 
Studies  to  date  on  the  PPARa  /_  mice  indi¬ 
cate  that  they  are  resistant  to  the  pleiotropic 
effects  of  peroxisome  proliferators  demonstrat¬ 
ing  the  role  of  the  receptor  in  this  process.  These 
studies  are  in  support  of  earlier  work  showing 
that  PPARa  is  the  only  member  of  the  PPAR 
family  capable  of  eliciting  a  trans-activation 
response  with  WY-14,463  [5].  The  marked  ac¬ 
cumulation  of  fat  in  the  liver  suggest  that  PPARa 
is  also  responsible  for  regulation  of  fatty  acid 
catabolism  in  the  liver.  Indeed,  metabolites  of 
long  chain  fatty  acids,  possibly  the  dicarboxylic 
acids,  can  stimulate  the  peroxisome  proliferation 
response  [10,11]. 


2.5.  Marked  species  differences  in  response  to 
peroxisome  proliferators 

Rats  and  mice  are  highly  responsive  and  are 
susceptible  to  hepatocellular  carcinomas  after 
chronic  administration  of  peroxisome  prolif¬ 
erators.  Humans  and  other  primates  are  thought 
to  be  weakly  responsive  or  nonresponsive.  These 
species  differences  have  implications  for  the 
pharmaceutical  industry  and  regulatory  agencies 
since  hyperlipidemic  drugs  are  on  the  market  and 
other  compounds  are  under  development  that 
stimulate  peroxisome  proliferation-like  activities. 
The  mechanisms  by  which  humans  are  resistant 
to  the  effects  of  peroxisome  proliferators  are  not 
presently  understood  but  recent  studies  suggest 
that  low  hepatic  levels  of  PPARa  may  be  in  part 
responsible  (Eric  F.  Johnson,  personal  communi¬ 
cation).  Studies  are  planned  to  determine 
whether  PPARa  ~  mice  are  susceptible  to  the 
carcinogenic  effects  of  WY-14,463  [3]. 

3.  Conclusion 

Gene  targeted  disruptions  have  revealed  that 
the  AHR  and  PPARa  have  endogenous  roles  in 
normal  development  and  homeostasis.  AHR 
affects  the  liver  and  immune  system  and  PPARa 
alters  hepatic  fatty  acid  catabolism.  Future 
studies  should  reveal  whether  these  receptors  are 
involved  in  the  toxic  and  carcinogenic  properties 
of  dioxins  and  peroxisome  proliferators. 
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Abstract 

The  use  of  animal  models  for  human  cancer  has  proved  effective  in  the  elucidation  of  those  molecular  events 
which  are  responsible  for  the  various  stages  of  tumour  development.  Chemical  carcinogenesis  in  mouse  skin  has 
been  studied  as  a  model  for  human  squamous  cancer  for  several  decades,  and  analysis  of  this  model  has  led  to  the 
identification  of  a  number  of  the  changes  which  are  involved  in  the  evolution  of  malignancy.  The  use  of  transgenic 
and  knockout  mice  offers  a  further  avenue  of  advancement,  allowing  refinement  of  the  model,  and  the  ability  to 
examine  the  consequences  of  individual  events  in  vivo  in  greater  detail.  Additionally,  crossing  different  transgenic 
or  knockout  animals  represents  a  powerful  tool  to  study  the  cumulative  effects  of  several  genetic  alterations  acting 
in  concert. 

Keywords:  Papilloma;  Squamous  carcinoma;  H-ras  oncogene;  p53  Tumour  suppressor  gene;  Malignant  conversion; 
Tumour  stem  cell 


1.  Introduction 

Carcinogenesis  in  humans  and  in  animals  is  a 
multistep  process,  with  multiple  genetic  events 
required  to  confer  upon  a  cell  a  neoplastic 
phenotype.  These  changes  act  at  a  different  stage 
of  tumour  development  to  endow  a  selective 
growth  advantage  to  that  cell,  and  thus  precipi¬ 
tate  advancement  to  the  next  stage  of  the  pro¬ 
cess.  Each  genetic  alteration  may  provide  a 
positive  growth  stimulus  to  the  cell  and  thus  lead 
to  increased  cell  proliferation,  or  may  result  in 
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the  disruption  of  negative  regulatory  mechanisms 
or  alteration  in  the  rate  of  cell  loss  through 
terminal  differentiation  or  apoptosis.  In  each 
case  the  end  product  is  a  cell  which  is  capable  of 
clonal  expansion,  leading  in  turn  to  the  next 
stage  in  the  evolution  of  malignancy.  The  genes 
which  are  involved  in  these  types  of  somatic 
mutation  have  been  broadly  categorised  into  2 
classes,  oncogenes  and  tumour  suppressor  genes. 
Members  of  the  oncogene  class  are  genes  which 
become  functionally  activated  by  mutation,  and 
whose  expression  now  leads  to  altered  cell  be¬ 
haviour.  Since  the  mutational  alteration  activates 
the  gene,  it  need  occur  in  only  1  of  the  2  alleles 
present  in  the  genome.  The  second  group,  the 
tumour  suppressor  genes  become  functionally 
inactivated  by  mutation.  It  is  this  loss  of  function 
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which  then  results  in  the  altered  properties  of  the 
tumour  cell.  Since  2  copies  of  a  tumour  suppres¬ 
sor  gene  are  normally  present  in  the  genome, 
both  copies  must  be  inactivated  for  the  effect  to 
be  unmasked.  Indeed,  this  type  of  gene  had  been 
predicted  by  epidemiological  studies  on  inherited 
and  sporadic  childhood  cancers  which  suggested 
a  2-hit  mechanism  at  a  single  genetic  locus  [1]. 
The  inheritance  of  an  inactivated  suppressor 
allele  is  responsible  for  many  human  familial 
tumour  syndromes,  such  as  familial  retinoblas¬ 
toma,  in  which  affected  individuals  carry  germ¬ 
line  mutations  in  the  retinoblastoma  (Rb) 
tumour  suppressor  gene  [2].  Many  other  exam¬ 
ples  are  now  known  of  suppressor  genes  which 
are  responsible  for  inherited  tumour  predisposi¬ 
tion  [3,4]. 

In  addition  to  the  advances  in  the  molecular 
biology  of  neoplasia,  the  development  of  trans¬ 
genic  mice  has  occurred  in  which  exogenous 
fragments  of  DNA  can  be  introduced  into  the 
mouse  genome.  This  has  provided  a  powerful  in 
vivo  approach  by  which  the  roles  of  individual 
genes  involved  in  neoplasia  can  be  examined. 
Transgenic  mice  can  thus  be  used  to  investigate 
the  roles  of  oncogenes  in  tumorigenesis,  by 
introducing  the  genes  under  their  own  promoters 
or  by  targeting  expression  to  particular  cell 
populations  using  tissue-specific  promoters  [5].  In 
contrast,  gene  targeting  in  embryonic  stem  cells 
can  be  used  to  produce  mice  which  have  knocked 
out  a  specific  tumour  suppressor  gene  [6].  Our 
studies,  centered  on  mouse  skin  carcinogenesis, 
have  been  concerned  with  characterising  the 
genetic  events  which  are  responsible  for  the 


development  of  neoplasia,  and  investigating  the 
biological  consequences  of  these  alterations  in 
somatic  cells.  A  major  advantage  of  mouse 
model  systems  is  that  the  causal  role  of  changes 
found  in  tumours  can  be  tested  by  using  trans¬ 
genic  or  knockout  mice. 

2.  Results  and  discussion 

Chemical  carcinogenesis  in  mouse  skin  repre¬ 
sents  a  classic  model  for  multistage  carcinogen¬ 
esis,  and  has  been  extensively  studied  [7].  From 
the  observations  that  tumour  formation 
proceeded  through  distinct  stages  has  arisen  the 
concept  of  multistage  carcinogenesis,  and  the 
operational  definitions  of  initiation,  promotion 
and  progression  which  have  been  widely  applied 
to  the  development  of  neoplasia  in  humans. 
More  recent  studies  carried  out  over  the  last 
decade  have  identified  a  number  of  genetic 
alterations  which  occur  during  these  stages  of 
skin  tumour  development  (Fig.  1).  Frequently, 
initiation  with  the  carcinogen  dimethylbenzanth- 
racene  (DMBA)  produces  a  specific  mutation  in 
codon  61  of  the  Harvey  ras  gene  (H-ras)  [8]. 
These  initiated  cells  can  be  induced  to  develop 
into  benign  papillomas  by  subsequent  application 
of  a  tumour-promoting  agent  such  as  12-0-tetra- 
decanoylphorbol-13-acetate  (TPA).  Two  distinct 
groups  of  papilloma  appear  to  be  produced,  one 
group  which  shows  a  low  risk  of  progression  to 
malignancy,  and  a  second  group  which  show  a 
much  higher  frequency  of  malignant  progression. 
Tumours  belonging  to  the  latter  category  pro¬ 
gress  to  form  squamous  carcinomas  which  invade 
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Fig.  1.  Summary  of  genetic  alterations  observed  during  mouse  skin  carcinogenesis.  Mouse  skin  initiated  with  a  single  dose  of 
DMBA  and  promoted  for  20  weeks  with  TPA  gives  rise  to  papillomas,  a  small  percentage  of  which  convert  to  squamous 
carcinomas.  Genetic  changes  were  detected  by  mutation  analysis  and  allelotype  analvsis  of  tumour  DNA. 
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the  dermis.  Loss  of  heterozygosity  (LOH)  on 
chromosome  11  and  mutation  of  the  p53  suppres¬ 
sor  gene  have  been  demonstrated  to  be  involved 
at  this  stage  of  tumorigenesis  [9].  Several  other 
genetic  changes  have  been  associated  with  papil¬ 
loma  formation,  namely  trisomies  of  chromo¬ 
some  7,  carrying  the  H-ras  gene,  and  chromo¬ 
some  6.  Trisomy  of  chromosome  7  invariably 
involves  duplication  of  the  chromosome  contain¬ 
ing  the  mutant  H -ras  allele,  and  from  the  analy¬ 
sis  of  a  large  number  of  tumours,  duplication  of 
the  normal  H -ras  allele  has  never  been  observed. 
In  addition,  whilst  some  tumours  which  contain 
mutant  H -ras  show  no  evidence  of  chromosome 
7  trisomy,  it  is  never  detected  in  those  tumours 
which  lack  mutant  H -ras.  Thus  trisomy  of  7  in  a 
cell  probably  serves  to  increase  the  level  of 
mutant  H -ras  expression,  leading  to  selective 
outgrowth  from  the  normal  population.  In  sup¬ 
port  of  this  proposal,  trisomy  of  7  is  not  seen  in 
tumours  from  animals  with  a  mutant  ras  trans¬ 
gene.  The  reason  for  trisomy  of  chromosome  6 
has  not  yet  been  determined.  A  likely  explana¬ 
tion,  however,  involves  a  selective  growth  advan¬ 
tage  conferred  by  the  duplication  of  a  gene  or 
genes,  of  which  there  are  several  possible  candi¬ 
dates,  including  transforming  growth  factor  a 
(TGF-a),  K ras,  and  c-raf-1.  The  c-raf-1  protein 
kinase  is  of  particular  interest,  as  it  lies  down¬ 
stream  from  ras  in  the  signal  transduction  path¬ 
way  from  growth  factor  receptors  to  transcrip¬ 
tional  activation  in  the  nucleus,  raf  has  been 
shown  to  be  present  at  limiting  concentrations  in 
some  cell  types  and  an  increase  in  the  amount  of 
raf  can  potentiate  the  effects  of  stimulating  the 
ras  signal  transduction  pathway  [10].  Thus  the 
duplication  of  c-raf-1  chromosome  6  in  mouse 
skin  tumours  may  be  required  to  synergise  with 
the  increased  levels  of  H -ras  and  lead  to  amplifi¬ 
cation  of  growth  stimulatory  signals  via  signal 
transduction  pathways  involving  ras  and  raf 
A  further  stage  of  tumour  progression  is  the 
conversion  of  a  squamous  carcinoma  to  a  spindle 
cell  carcinoma,  which  lacks  all  characteristics  of 
epithelial  differentiation.  This  stage  is  associated 
with  additional  genetic  changes,  including  LOH 
on  chromosomes  6,  7,  and  4.  Significantly,  these 
regions  are  syntenic  with  the  human  3p,  llpl5, 


and  9q  regions  respectively,  which  show  frequent 
LOH  in  various  human  tumours  and  are  likely  to 
contain  tumour  suppressor  genes. 

2.1.  Tumour  progression  and  p53 

Mutation  of  the  p53  tumour  suppressor  gene  is 
the  most  frequent  single  genetic  lesion  detected 
in  human  tumours.  Additionally,  the  mutation  is 
found  more  frequently  in  the  more  malignant 
late  stages  of  tumour  development  than  in  early 
stages,  suggesting  that  loss  of  function  of  p53  is 
important  in  malignant  progression  [11].  A  simi¬ 
lar  situation  is  observed  in  mouse  skin  tumours. 
Mutation  of  p53  and  LOH  on  chromosome  11 
were  found  in  approximately  25%  of  carcinomas, 
though  were  never  detected  in  benign  papillomas 
[9].  Previously  we  had  shown  that  mutations 
induced  in  the  H -ras  gene  were  dependent  upon 
the  initiating  carcinogen  used,  supporting  a  caus¬ 
al  role  for  H -ras  mutation  in  the  initiation  step  of 
carcinogenesis  [12].  Similarly,  mutations  detected 
in  the  p53  gene  were  dependent  upon  the  treat¬ 
ment  regimen  used  (Fig.  2,  P.A.  Burns  et  al., 
unpublished).  Tumours  induced  by  initiation 
with  DMBA  and  TPA  promotion  exhibited  typi¬ 
cal  loss  of  function  mutations  in  p53,  such  as 
frameshift  mutations,  small  deletion  mutations 
and  point  mutations  introducing  stop  codons.  In 
addition,  the  remaining  wild-type  allele  was  lost. 
In  contrast,  carcinomas  induced  by  repeated 
carcinogen  treatment  using  DMBA  or  the 
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Fig.  2.  Carcinogen-specific  changes  in  H-ras  and  p53  genes. 
Papillomas  and  carcinomas  initiated  with  different  car¬ 
cinogens  exhibit  specific  mutations  in  the  H-ras  proto¬ 
oncogene  (12).  Similarly,  carcinomas  promoted  or  progressed 
with  different  carcinogens  show  specific  mutations  in  the  p53 
gene  [9]  and  P.A.  Burns,  unpublished  results. 
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methylating  agent  l-methyl-3-nitro-l-nitroso- 
guanidine  (MNNG),  showed  carcinogen-speci¬ 
fic  alterations  in  p53.  Of  5  p53  mutations  de¬ 
tected  in  DMBA-induced  carcinomas,  1  deletion 
and  4  transversions  were  found.  Mutations  were 
found  in  4  carcinomas  induced  by  multiple 
MNNG  treatment  and  in  each  case  these  were  G 
A  transitions.  Loss  of  the  remaining  wild-type 
p53  allele  was  not  observed  in  these  tumours. 
These  results  support  a  causal  role  for  p53  in  the 
progression  from  benign  to  malignant  tumour. 
This  hypothesis  was  further  confirmed  by  study¬ 
ing  skin  carcinogenesis  using  p53-deficient  mice. 
Groups  of  wild-type,  heterozygous  p53  +  /~,  and 
homozygous  p53  null  mice  were  initiated  with 
DMBA  and  promoted  with  TPA  for  15  weeks 
[13].  Papilloma  formation  in  p53+  cohort  was 
very  similar  to  that  for  wild-type  animals,  show¬ 
ing  that  a  50%  reduction  in  the  dosage  of  normal 
p53  gene  does  not  affect  the  number  or  growth 
rate  of  benign  papillomas.  Surprisingly,  the  papil¬ 
loma  yield  in  null  mice  was  markedly  reduced, 
possibly  due  to  the  increased  sensitivity  of  these 
keratinocytes  to  the  effects  of  DMBA  and  TPA. 
No  tumours  were  observed  in  null  mice  treated 
with  TPA  alone,  demonstrating  that  inactivation 
of  p53  cannot  function  as  an  initiating  event. 

A  marked  effect  upon  malignant  conversion 
was  apparent,  however,  in  both  the  heterozygous 
and  null  cohorts.  p53  heterozygous  mice  ex¬ 
hibited  a  3-fold  increase  in  the  progression  fre¬ 
quency  of  papillomas  to  carcinomas.  Corre¬ 
spondingly,  loss  of  the  remaining  wild-type  allele 
was  associated  with  this  conversion.  In  the  null 
animals,  carcinoma  development  was  dramatical¬ 
ly  accelerated,  with  the  first  carcinomas  appear¬ 
ing  after  10-12  weeks,  less  than  half  the  latency 
period  observed  in  the  p53  +  /~  cohort.  Addition¬ 
ally,  carcinomas  from  the  null  mice  were  less 
differentiated  and  more  malignant  than  those 
from  wild-type  mice,  with  a  higher  frequency  of 
metastasis.  These  experiments  clearly  support  a 
functional  role  for  wild-type  p53  in  the  preven¬ 
tion  of  tumour  progression.  Cells  within  the 
benign  tumour  which  lose  p53  function  may  then 
be  selected  due  to  their  escape  from  p53-me- 
diated  growth  arrest  or  apoptosis. 


2.2.  Initiation  and  the  target  cell  for 
carcinogenesis 

One  unresolved  question  of  squamous  skin 
tumours  is  in  the  nature  of  the  initiated  cell  from 
which  the  tumour  evolves.  Since  both  high  and 
low  risk  papillomas  contain  the  same  mutant 
H -ras  initiating  event,  their  different  malignant 
capacities  may  be  due  to  their  having  arisen  from 
different  tumour  stem  cells.  The  use  of  promoter 
elements  from  various  cytokeratin  genes  offers  a 
unique  opportunity  to  examine  the  consequences 
of  expressing  genes,  which  are  implicated  in  the 
initiation  or  progression  stages  of  carcinogenesis, 
to  particular  subpopulations  of  cells  within  the 
epidermis  (Fig.  3).  We  have  previously  targeted 
the  expression  of  a  mutant  H -ras  gene  in  the 
suprabasal  differentiating  cells  of  the  epidermis 
using  the  promoter  of  the  keratin  10  gene  [14]. 
The  transgenic  mice  that  were  produced  ex¬ 
hibited  extensive  epidermal  hyperkeratosis  over 
much  of  the  body  surface.  Mild  mechanical 
irritation  such  as  wounding  or  scratching  resulted 
in  the  focal  induction  of  hyperplasia  which  culmi¬ 
nated  in  the  production  of  papillomas  at  these 
sites.  Thus  H -ras  expression  would  appear  to 
control  growth  and  differentiation  in  these  cells. 
Significantly,  during  the  course  of  these  experi¬ 
ments,  we  saw  no  evidence  of  malignant  pro¬ 
gression  in  these  papillomas.  Similar  results  have 
been  demonstrated  subsequently  by  Greenhalgh 
et  al.,  who  have  shown  that  expression  of  \-ras 
from  a  keratin  1  promoter  gives  rise  to  benign 
papillomas  which  do  not  progress  to  malignancy 
[15].  Both  these  situations,  therefore,  reproduce 
the  early  stages  of  tumour  development  in  mouse 
skin,  but  give  rise  specifically  to  the  low  risk  or 
terminally  benign  papilloma  type. 

More  recently,  we  have  attempted  to  induce 
benign  tumours  belonging  to  the  high  risk  group 
by  targeting  a  mutant  H -ras  gene  to  an  alter¬ 
native  cell  population  within  the  epidermis.  The 
keratin  5  gene  promoter  is  normally  functional  in 
the  basal  cells  of  all  stratified  epithelium,  how¬ 
ever  using  a  shortened  promoter  fragment,  we 
have  restricted  expression  from  the  promoter 
mainly  to  the  outer  root  sheath  of  the  hair 
follicle.  Using  this  promoter  to  express  mutant 
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Fig.  3.  The  use  of  cytokeratin  promoters  allows  expression  of  transgenes  to  be  targeted  to  different  populations  of  cells  within  the 
epidermis.  The  K10  promoter  directs  expression  to  the  suprabasal  differentiating  cells,  whereas  the  K5  promoter  functions  in  basal 
interfollicular  cells  together  with  outer  root  sheath  cells  of  the  hair  follicle.  The  K6  promoter  is  usually  restricted  to  the  hair 
follicle,  though  functions  more  widely  during  hyperproliferation. 


H -ras  (K5/mKT)  resulted  in  a  number  of  foun¬ 
der  animals  which  developed  acanthotic  skin 
lesions  arising  from  abnormal  follicle  growth, 
either  during  development  or  shortly  after  birth. 
The  acanthotic  lesions  frequently  exhibited  areas 
of  carcinoma  in  situ  and  invasive  carcinoma. 
Approximately  20-30%  of  adult  animals,  from 
several  established  lines,  spontaneously  de¬ 
veloped  papillomas  and  keratoacanthomas,  many 
of  which  progressed  to  squamous,  and  occasion¬ 
ally,  spindle  carcinomas.  These  particular  mice 
are  therefore  capable  of  reproducing  the  com¬ 
plete  process  of  tumorigenesis  in  mouse  skin. 
The  actual  tumour  incidence  varied  depending 
upon  the  strain  background,  with  strain  FVB/N 
showing  the  highest  tumour  incidence  and  strain 
C57B1/6J  the  lowest  of  those  examined.  Surpris¬ 
ingly,  tumours  could  not  be  induced  in  the  mice 
by  promotional  stimuli,  such  as  wounding  or 
phorbol  ester  treatment.  The  mice  also  develop 
occasional  tumours  in  other  tissues,  most  fre¬ 
quently  sebaceous  adenomas  and  zymbal  gland 
tumours,  salivary  papillomas  from  the  epithelial 
ducts  of  the  salivary  glands  in  approximately 
15%  of  animals,  and  mammary  carcinomas  in 
female  breeders  (5%). 


The  experiments  described  above  demonstrate 
that  the  target  cell  for  H -ras  gene  expression 
strongly  influences  the  phenotype  of  the  resulting 
tumour  (Fig.  4).  Expression  of  mutant  ras  in  cells 
that  have  advanced  some  way  along  the  differen¬ 
tiation  pathway  in  skin,  i.e.  have  reached  the 
interfollicular  or  even  suprabasal  compartment 
of  the  epidermis,  effects  excessive  differentiation 
and  with  promotional  stimulus  can  induce  only 
benign  papillomas.  Expression  of  the  same  gene 
in  the  outer  root  sheath  of  the  hair  follicle,  where 
the  putative  stem  cell  population  resides  [16],  is 
characterised  by  excessive  cell  proliferation  and 
the  autonomous  formation  of  benign  tumours, 
which  have  a  high  probability  of  progression.  In 
conclusion,  these  results  support  the  hypothesis 
that  the  difference  in  progression  potential  be¬ 
tween  high  and  low  risk  papillomas,  which  is 
observed  in  chemical  carcinogenesis,  may  be  a 
consequence  of  initiation  occurring  in  different 
cell  populations  within  the  skin. 

2.3.  TGF-a  and  ras  in  skin  carcinogenesis 
TGF-a  is  a  major  autocrine  factor  controlling 
growth  in  epidermal  cells,  and  elevated  levels  of 
TGF-a  have  been  detected  in  squamous  tumours 
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PAPILLOMA 


PAPILLOMA 


>>  CARCINOMA 


Fig.  4.  The  expression  ol  mutant  ras  in  suprabasal  cells  altects  dilferentialion  and  upon  promotion  results  in  low  risk  or  terminally 
benign  papillomas.  Ras  expression  in  the  hair  follicle  results  in  proliferation  and  gives  papillomas  or  keraloacanthomas  which  have 
a  high  risk  of  malignant  conversion. 


from  human  and  mouse.  Introduction  of  a  mu¬ 
tant  H-ras  gene  has  been  shown  to  upregulate 
the  production  of  TGF-a  in  keratinocytes,  as  has 
treatment  with  TPA.  Several  groups  have  used 
transgenic  mice  to  examine  the  role  of  TGF-a  in 
skin  carcinogenesis  [17,18].  Both  studies  reported 
similar  findings,  with  mice  exhibiting  hyper¬ 
keratosis  and  hyperplasia,  consistent  with  TGF-a 
affecting  keratinocyte  proliferation.  Moreover, 
papillomas  occurred  at  sites  of  wounding  or 
mechanical  irritation,  and  could  be  promoted  by 
TPA  treatment.  None  of  the  mice,  however, 
developed  malignant  squamous  carcinomas.  Thus 
TGF-a  overexpression  is  able  to  reproduce  many 
of  the  effects  of  mutant  H-ras ,  and  to  function  as 
an  initiating  event  in  mouse  skin,  at  least  for 
benign  tumours.  Some  of  the  effects  of  mutant 
ras  may,  therefore,  be  due  to  TGF-a  overexpres¬ 
sion. 

We  have  utilised  mice  which  are  deficient  in 
the  gene  for  TGF-a  [19]  in  order  to  examine  its 
role  in  skin  carcinogenesis.  Crossing  TGF-a 
knockout  mice  with  K5rasKT  mice  allowed  the 
generation  of  mice  which  contain  mutant  ras  but 
which  lack  TGF-a.  Our  results  show  no  differ¬ 
ence  in  the  frequency  of  spontaneous  benign  and 
malignant  tumour  formation  between  the  mutant 


ras  mice  in  either  TGF-a  null,  heterozygous  or 
wild-type  background.  Thus  the  lack  of  TGF-a 
does  not  appear  to  inhibit  the  development  of 
high  risk  papillomas  from  initiated  cells  within 
the  hair  follicle.  In  view  of  this  result,  we  have 
examined  the  response  of  TGF-a  null  mice  in 
2-stage  chemical  carcinogenesis.  Groups  of  TGF- 
a  null  and  wild-type  mice  were  initiated  with 
DMBA  and  promoted  with  TPA  for  20  weeks. 
Papillomas  in  the  TGF-a  null  cohort  were  great¬ 
ly  reduced  in  number  and  showed  an  increased 
latency,  with  the  first  tumours  occurring  after  18 
weeks,  compared  to  8  weeks  in  wild-type  ani¬ 
mals.  The  carcinoma  incidence,  however,  did  not 
appear  to  be  similarly  affected,  with  the  first 
carcinoma  occurring  at  week  30.  Thus  TGF-a 
may  be  required  for  the  development  of  low  risk 
papillomas  which  arise  by  a  proliferative  mecha¬ 
nism  in  the  interfollicular  epidermis,  and  this 
type  of  papilloma  cannot  be  induced  in  TGF-a 
null  mice.  Further  experiments  are  in  progress  to 
validate  this  hypothesis. 

2.4.  Hair  follicle  tumour  stem  cells  and  p53 
Since  p53  deficiency  in  mice  has  been  found  to 
significantly  affect  malignant  conversion  in  car¬ 
cinogen-treated  mice,  we  subsequently  examined 
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the  effect  of  p53  inactivation  upon  tumour  de¬ 
velopment  in  our  KSrasKT  transgenic  mice. 
K5rasKT  mice  were  bred  with  p53  null  mice  to 
produce  mutant  ras  transgenics  with  p53  wild- 
type,  p53  +  /_,  and  p53  null  genotypes.  All  3 
groups  showed  similar  incidences  of  spontaneous 
skin  tumours,  though  results  for  the  p53  null 
group  were  affected  by  loss  of  animals  due  to 
lymphoma  and  sarcoma  development.  Thus,  p53 
status  does  not  appear  to  influence  the  yield  or 
malignant  conversion  of  papillomas  or 
keratoacanthomas  which  develop  from  the  hair 
follicle.  A  similar  situation  has  been  reported  for 
liver  tumours  induced  by  diethylnitrosamine,  in 
which  p53  heterozygous  mice  show  neither  an 
increase  in  the  number  nor  the  progression 
frequency  of  liver  tumours  over  that  found  in 
wild-type  animals  [20]. 

There  was,  however,  a  significant  effect  upon 
salivary  tumorigenesis.  Wild-type  animals  de¬ 
veloped  hyperplasia  and  papillomas  in  the  epi¬ 
thelial  ducts,  however  malignant  tumours  were 
never  observed  within  the  lifetime  of  the  ani¬ 
mals.  In  contrast,  p53  heterozygous  animals  de¬ 
veloped  salivary  tumours  in  higher  numbers  and 
these  were  frequently  malignant  carcinomas. 
Clearly  a  marked  difference  exists  regarding  the 
role  of  p53  in  the  progression  of  skin  and  salivary 
papillomas.  This  may  reflect  differences  in  the 
initiated  cells  between  these  2  organs.  The  saliv¬ 
ary  papillomas  may  arise  from  a  cell  resembling 
an  interfollicular-initiated  cell  in  the  skin,  i.e.  a 
low  risk  group  which  requires  p53  mutation  to 
convert  to  malignancy.  Further  studies  are  in 
progress  to  examine  this  proposal. 

3.  Conclusions 

Studies  of  carcinogenesis  have  been  greatly 
enhanced  by  the  application  of  transgenic  mice. 
The  causal  nature  of  many  of  the  genetic  altera¬ 
tions  in  oncogenes  and  tumour  suppressor  genes 
which  are  observed  in  tumour  development  can 
be  clearly  demonstrated.  In  addition,  the  target¬ 
ing  of  these  mutations  to  different  sub-popula¬ 
tions  of  cells  within  a  particular  tissue  allows  a 
degree  of  experimental  manipulation  which 
would  be  difficult  to  accomplish  by  other  means. 


Similarly,  studies  on  the  synergism  between 
mutations  are  easily  achieved  by  crossing  in¬ 
dividual  transgenic  mice.  Experiments  such  as 
those  described  above  demonstrate  the  unique 
advantages  offered  by  transgenic  mice  in  apprais¬ 
ing  our  understanding  of  neoplasia. 
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Abstract 

Transgenic  rodents  that  contain  easily  retrievable  target  genes  allow  the  rapid  quantitation  of  mutations  in  any 
tissue  from  which  DNA  can  be  isolated.  We  are  using  the  Stratagene  Big  Blue™  transgenic  mouse  system  that 
contains  a  lacl  target  and  an  alacZ  reporter  gene  to  study  the  parameters  that  affect  mutations.  We  have  evaluated 
a  number  of  chemicals  to  determine  mutant  frequency  (MF)  in  specific  target  tissues  of  C57B1/6  and  B6C3F1  mice. 
The  correlation  between  mutagenesis  and  carcinogenesis  in  this  system  is  excellent.  For  example,  the  liver 
carcinogen  dimethylnitrosamine  produces  significant  increases  in  MF  in  mouse  liver,  whereas  the  nonhepatocar- 
cinogenic  mutagen  methylmethane  sulfonate  does  not.  We  have  also  evaluated  the  induction  of  mutations  by 
radiation  and  demonstrated  that  this  system  is  suitable  for  the  study  of  agents  that  produce  deletion  mutations.  This 
system  is  also  useful  for  studying  changes  in  MF  in  developing  tumors.  We  have  used  an  initiation-promotion 
protocol  to  induce  hepatocellular  carcinomas,  and  we  then  measured  MF  in  normal  liver,  tumors,  and  metastases 
from  these  mice.  Animals  initiated  with  diethylnitrosamine  maintain  an  elevated  MF  in  normal  liver,  even  1  year 
after  initiation.  This  MF  increases  exponentially  in  developing  liver  tumors,  possibly  owing  to  a  breakdown  in  the 
fidelity  of  DNA  replication  and  DNA  repair  in  tumors.  This  system  offers  a  unique  tool  for  the  study  of  mutations 
induced  in  specific  target  tissues  of  rodents  and  should  become  an  important  assay  for  evaluating  the  mutagenic  risk 
of  drugs  and  chemicals. 

Keywords:  Transgenic  animal;  Mutagenesis;  In  vivo  mutations;  Cancer;  Genotoxicity 


Birth  defects,  cancer,  and  other  diseases  have 
been  shown  to  occur  as  a  result  of  mutations  in 
specific  genes.  Indeed,  cancer  has  been  shown  to 
be  the  result  of  a  series  of  mutations  in  specific 
oncogenes  and  tumor  suppressor  genes  [1].  Until 
recently,  the  only  models  available  for  the  study 
of  chemically  induced  mutations  were  in  vitro 
mutagenesis  assays  or  in  vivo  assays  that  mea¬ 
sured  surrogate  end  points  such  as  chromosome 
damage  or  DNA  repair. 

A  revolutionary  advance  in  this  field  has  been 
the  development  of  transgenic  animals  carrying  a 
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specific  target  gene  that  allows  easy  quantitation 
of  mutations  [2,3].  The  commercially  available 
transgenic  mutagenesis  systems  use  the  lad  or 
lacZ  target  genes  from  the  bacterial  yS-galacto- 
sidase  operon  as  a  target.  Our  laboratory  has 
used  the  Big  Blue™  system,  marketed  by 
Stratagene  (La  Jolla,  CA),  which  contains  a  lad 
target  gene  and  a  lacZ  reporter  gene.  This  model 
is  available  in  B6C3F1  and  C57B1/6  mice  [4],  and 
development  of  a  F-344  rat  model  is  under  way 
[5].  The  lad  gene  is  the  most  characterized  of  all 
target  genes  for  mutagenesis.  To  date,  more  than 
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30  000  mutants  from  both  prokaryotic  and  eu¬ 
karyotic  hosts  have  been  sequenced  [6-8].  In  this 
system,  rats  or  mice  are  treated  with  chemicals, 
and  after  a  sufficient  time  to  allow  fixation  of 
DNA  adducts  as  mutations,  genomic  DNA  is 
isolated;  finally,  the  target  gene  is  recovered  by 
exposing  the  DNA  to  A-phage  in  vitro  packaging 
extracts  and  infecting  Escherichia  coli  with  the 
A-phage.  Successful  infection  of  the  E.  coli  re¬ 
sults  in  lysis  of  cells  and  formation  of  plaques  on 
the  bacterial  lawn.  Infection  with  a  normal  lacl 
gene  results  in  production  of  a  repressor  mole¬ 
cule  that  inhibits  transcription  of  the  lacZ  gene, 
which  codes  for  /3-galactosidase.  If  a  mutation 
has  been  produced  in  lacl,  however,  the  repres¬ 
sor  is  not  produced,  and  lacZ  is  transcribed, 
resulting  in  the  presence  of  ^-galactosidase.  (3- 
Galactosidase  activity  can  be  measured  in  E.  coli 
by  plating  on  media  containing  the  chromogenic 
substrate  X-gal  (5-bromo-4-chloro-3-indolyl-/TD- 
galactopyranoside).  Presence  of  /3-galactosidase 
activity  results  in  a  blue  colony  or  plaque,  where¬ 
as  absence  of  activity  results  in  a  white  colony  or 
clear  plaque.  Mutant  frequency  (MF)  is  deter¬ 
mined  as  the  ratio  of  blue  plaques  (lacl  mutants) 
to  clear  plaques. 

Our  laboratory  became  interested  in  evaluat¬ 
ing  transgenic  models  as  a  means  to  assess  tissue- 
specific  mutations.  An  early  study  conducted  in 
our  laboratory  [9]  evaluated  the  effects  of  2 
methylating  agents,  dimethylnitrosamine  (DMN) 
and  methylmethane  sulfonate  (MMS).  These  2 
compounds  were  selected  as  representative 
mutagens  that  form  methylated  DNA  adducts. 
Both  DMN  and  MMS  are  in  vitro  mutagens  that 
produce  a  variety  of  DNA  adducts  consisting 
primarily  of  N7-methylguanine;  however,  there 
are  3  principal  differences  between  these  agents: 
(1)  DMN  also  produces  the  highly  mutagenic 
0A-methylguanine  adduct,  whereas  MMS  does 
not;  (2)  DMN  produces  significant  hepatic  cell 
turnover,  whereas  MMS  does  not;  and  (3)  DMN 
is  a  potent  liver  carcinogen,  whereas  MMS  is  not. 
We  demonstrated  that  DMN  is  a  potent  mutagen 
in  the  livers  of  lacl  transgenic  mice,  whereas 
MMS  is  not  (Fig.  1),  and  we  attribute  this 
response  to  differences  in  the  spectrum  of  ad- 


Fig.  1.  Induction  of  mutations,  expressed  as  number  of 
mutants  per  100  000  plaque  forming  units  (PFU),  in  male 
B6C3F1  mice  by  MMS  (20  mg/kg)  or  DMN  (2  mg/kg). 
Compounds  were  given  in  saline  by  i.p.  injection  for  21 
consecutive  days  lollowed  by  a  1-day  expression  period. 
Controls  received  saline  injections.  (Adapted  from  Ref.  [9]). 


ducts  formed  and  to  the  absence  of  MMS-in- 
duced  cell  proliferation  [9]. 

Induction  of  cell  proliferation  is  also  a  pre¬ 
requisite  for  DMN-induced  mutations.  At  doses 
(2  mg/kg/day)  that  failed  to  induce  significant 
hepatotoxicity  or  cell  turnover,  DMN  did  not 
produce  mutations.  Increasing  the  dose  to  4  mg/ 
kg/day  crossed  the  toxicity  threshold  and  a 
significant  increase  in  hepatotoxicity  occurs  at 
this  dose,  and  significant  elevations  in  cell  repli¬ 
cation  result.  At  this  dose,  DMN  also  produces  a 
significant  increase  in  the  MF.  Therefore,  at 
doses  in  which  cell  proliferation  is  induced, 
DMN  produces  mutations,  but  in  the  absence  of 
cell  proliferation,  DMN  fails  to  induce  hepatic 
mutations. 

The  results  of  this  study  demonstrate  that 
transgenic  systems  allow  us  to  answer  fundamen¬ 
tal  questions  about  the  mechanisms  of  mutation, 
but  they  have  also  raised  questions  about  the 
definition  of  the  terms  ‘genotoxic’  and 
‘nongenotoxic’.  MMS  induces  significant  DNA 
adducts  and  unscheduled  DNA  synthesis  (UDS) 
in  mouse  liver  and  would  therefore  clearly  be 
classified  as  ‘genotoxic’  in  the  liver.  Nevertheless, 
MMS  fails  to  induce  lacl  mutations  in  B6C3F1 
mouse  liver,  even  when  administered  for  up  to  21 
days,  and  would  therefore  be  classified  as  ‘non- 
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mutagenic’  in  mouse  liver.  The  value  of  the 
transgenic  mouse  assay  is  its  ability  to  evaluate 
relevant  genotoxicity  in  multiple  target  tissues 
(i.e.,  heritable  mutations).  In  fact,  although  MMS 
is  ‘genotoxic’  in  mouse  liver,  it  does  not  produce 
liver  tumors.  Therefore,  DNA  adduct  or  UDS 
assays  may  be  better  predictors  of  ‘genotoxicity’, 
but  a  transgenic  mouse  model  may  be  a  better 
predictor  of  mutations  and  cancer. 

One  potential  limitation  of  these  transgenic 
mutation  systems  is  that  the  lacl  and  lacZ  target 
genes  are  relatively  small  (1-3  kb)  and  require 
intact  surrounding  cos  restriction  sites  for  suc¬ 
cessful  packaging  into  the  phage  head.  There¬ 
fore,  large-scale  deletions,  such  as  those  pro¬ 
duced  by  ionizing  radiations  are  theoretically 
unlikely  to  be  detected  using  these  systems, 
because  any  deletion  that  removed  either  cos  site 
would  prevent  packaging  of  the  lacl  gene.  We 
have  conducted  studies  to  evaluate  the  ability  of 
the  lacl  system  to  detect  deletion  mutations  [10]. 
A  significant  increase  in  MF  was  observed  fol¬ 
lowing  irradiation  of  C57B1/6  lacl  mice  with 
gamma  rays,  and  approximately  20%  of  the 
mutations  were  identified  as  deletions  by  restric¬ 
tion  digest  analysis.  Subsequent  sequencing  re¬ 
vealed  these  deletions  to  range  in  size  from  45  to 
249  bp.  These  results  are  encouraging  because 
they  suggest  that  some  deletions  may  indeed  be 
detected  with  this  system;  however,  it  is  highly 
likely  that  a  significant  proportion  of  deletions 
will  not  be  detected,  and  these  models  should 
therefore  be  used  with  caution  when  one  is 
evaluating  agents  known  to  cause  large-scale 
deletions. 

Another  area  of  interest  in  our  laboratory  has 
been  the  induction  of  mutations  by  non- 
mutagenic  chemicals.  Although  nonmutagenic 
chemicals,  by  definition,  do  not  directly  induce 
DNA  alterations,  the  widely  accepted  multi-step 
model  of  carcinogenesis  [1]  requires  that  tumors 
induced  by  nongenotoxic  carcinogens  must  be 
due  to  an  increase  in  the  number  of  mutant  cells 
by  means  other  than  direct  interaction  with 
DNA.  We  have  conducted  several  studies  to 
evaluate  the  mutagenic  potential  of  these  ‘non¬ 
mutagenic’  compounds. 

In  one  experiment  we  treated  male  B6C3F1 


lacl  mice  with  5  daily  doses  of  carbon  tetra¬ 
chloride  (CC14,  35  mg/kg/day),  phenobarbital 
(PB,  100  mg/kg/day),  or  DMN  (6  mg/kg/day) 
and  sacrificed  animals  7  days  after  the  first  dose. 
Mice  were  implanted  with  a  7-day  Alzet  osmotic 
pump  loaded  with  [3H]thymidine  at  study  initia¬ 
tion  to  measure  the  labeling  index  (LI;  percent 
of  hepatocytes  in  S-phase)  throughout  the  entire 
duration  of  the  experiment.  Controls  had  a  LI  of 
0.07%  and  a  MF  of  ^  6  X  10  s.  DMN  produced 
severe  necrosis,  and  only  modest  regeneration 
occurred  (LI  =  0.34%,  a  5-fold  elevation  over 
control  levels)  within  the  short  time  period 
posttreatment;  however,  DMN  treatment  still 
yielded  a  5-fold  increase  in  MF.  In  contrast,  CC14 
and  PB  yielded  highly  significant  increases  in  LI. 
In  particular,  CC14  produced  nearly  a  1000-fold 
elevation  in  LI.  If  cell  proliferation  alone  re¬ 
sulted  in  mutations,  CC14  and  PB  would  be 
expected  to  produce  significant  increases  in  the 
MF;  however,  there  was  no  increase  in  the  MF 
following  treatment  with  either  compound  [2,11]. 

These  results  indicate  that  relatively  short¬ 
term  bursts  of  cell  proliferation  alone  do  not 
produce  mutations  in  the  liver;  however,  long¬ 
term  administration  of  nongenotoxic  cell  prolif- 
erators  could  presumably  result  in  clonal  expan¬ 
sion  of  spontaneous  mutations  or  in  selective 
expansion  of  populations  with  mutations  in 
specific  oncogenes,  and  this  expansion  may  be 
the  principal  mechanism  of  carcinogenesis  by 
nongenotoxic  chemicals. 

To  test  this  hypothesis,  we  have  evaluated 
mutations  in  chemically  induced  liver  tumors  in 
lacl  B6C3F1  mice  [2,12].  Unlike  oncogenes  or 
tumor  suppressor  genes  such  as  ras  or  p53,  the 
lacl  gene  confers  no  selective  growth  advantage 
or  disadvantage  to  a  mammalian  cell  by  its 
presence  or  absence;  therefore,  it  is  useful  as  a 
physiologically  neutral  marker  of  mutation  rates 
in  tumors.  We  initiated  mice  with  diethylnit- 
rosamine  (DEN),  then  promoted  with  the 
nongenotoxic  liver  tumor  promoters  WY-14,643 
(WY)  or  PB.  Animals  were  necropsied  after 
approximately  6  or  12  months.  All  mice  receiving 
DEN  +  PB  or  DEN  +  WY  had  multiple  liver 
tumors,  whereas  mice  receiving  untreated  feed 
after  DEN  initiation  had  few  tumors.  Nontumor 
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tissue  from  mice  treated  with  DEN  yielded  MF 
approximately  10-fold  higher  than  control  MF  at 
both  6  and  12  months.  A  tumor  arising  from  a 
cell  that  contained  a  lad  mutation  would  be 
expected  to  have  a  MF  of  1/40  (2.5%),  assuming 
only  1  of  the  40  copies  of  the  lacl  gene  carried  a 
mutation.  Tumors  arising  from  cells  that  did  not 
contain  a  lad  mutation  would  be  expected  to 
have  a  very  low  MF,  similar  to  that  seen  in 
controls,  and  probably  lower  than  the  10-fold 
increase  in  MF  observed  in  DEN-initiated  (non¬ 
tumor)  liver. 

We  found  that  nearly  all  tumors  analyzed  had 
a  MF  much  higher  than  in  controls,  and  even 
much  higher  than  in  DEN-initiated  normal  liver. 
Preliminary  DNA  sequencing  of  these  mutants 
indicates  that  these  are  all  unique  mutations  and 
not  the  result  of  clonal  expansion.  These  results 
indicate  that  the  increase  in  mutation  rate  in 
tumors  cannot  be  explained  by  clonal  expansion. 
Other  factors,  such  as  decreases  in  fidelity  of 
DNA  repair  or  replication,  or  the  activation  of 
‘mutator’  genes  that  enhance  mutation  rates, 
may  be  responsible  for  the  genomic  instability, 
and  subsequent  increase  in  MF  observed  in 
tumors. 

The  studies  described  above  demonstrate  the 
utility  of  transgenic  animal  mutation  models  for 
assessing  tissue-specific  genetic  risk  and  for 
elucidating  the  mechanisms  of  chemical  carcino¬ 
genesis.  These  assays  can  fill  an  important  gap  in 
the  currently  available  technologies  for  assessing 
genetic  risk. 
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Abstract 

Data  from  a  number  of  model  systems  support  a  role  for  proteolysis  in  apoptotic  cell  death.  Using  immature  rat 
thymocytes,  we  demonstrate  that  the  protease  inhibitors  V-a:-tosyl-L-lysinyl-chloromethylketone  (TLCK)  and 
benzyloxycarbonyl-valinyl-alaninyl-aspartyl  fluoromethylketone  (Z-VAD.FMK)  inhibit  apoptosis.  AMosyl-r- 
phenylalaninyl-chloromethylketone  (TPCK)  has  a  very  different  effect,  inducing  the  early  morphological  and 
biochemical  changes  associated  with  apoptosis.  TLCK  inhibits  trypsin-like  proteases  whilst  Z-VAD.FMK 
inhibits  interleukin-1 /^-converting  enzyme  (ICE)-like  proteases;  this  and  the  contrasting  effects  of  TPCK  support 
the  hypothesis  that  thymocyte  apoptosis  involves  a  hierarchy  of  proteases  which  act  at  different  stages  of  the 
process. 

Keywords :  Thymocyte  apoptosis;  TLCK;  Proteases;  Interleukin-1  (3 


1.  Introduction 

Cell  death  is  an  irreversible  loss  of  structure 
and  function.  Cells  die  primarily  by  one  of  two 
major  mechanisms,  i.e.  necrosis  or  apoptosis  [1]. 
Cell  death  by  necrosis  occurs  as  a  result  of  a 
marked  toxic  or  physical  insult.  Apoptosis  is  a 
process  in  which  individual  cells  die  in  a  con¬ 
trolled  manner  in  response  to  specific  stimuli 
following  an  intrinsic  programme  [1].  Apoptosis 
plays  a  key  role  in  the  control  of  cellular  popula¬ 
tions  in  development,  in  the  immune  system  and 
in  carcinogenesis  [1,2].  In  vivo,  apoptosis  charac¬ 
teristically  affects  individual  cells  and  is  not 
accompanied  by  an  inflammatory  reaction.  Mor¬ 
phological  changes  during  apoptosis  are  char¬ 
acterised  by  condensation  of  chromatin,  nucleo- 
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lar  disintegration,  decrease  in  cell  volume  and 
dilatation  of  the  endoplasmic  reticulum  [1,2]. 
Following  the  early  morphological  changes,  frag¬ 
mentation  of  the  cell  into  apoptotic  bodies  often 
occurs.  Apoptotic  cells  and  bodies  are  rapidly 
phagocytosed,  so  that  their  half-life  in  vivo  is 
very  short. 

The  most  distinctive  biochemical  characteristic 
of  apoptosis  is  the  ‘DNA  ladder’  observed  on 
agarose  gel  electrophoresis.  This  arises  from  the 
internucleosomal  cleavage  of  DNA  resulting  in 
nucleosomal  fragments  of  180-200  bp  and  multi¬ 
ples  thereof  [3],  The  origin  of  the  DNA  ladder 
most  probably  arises  from  activation  of  a  Ca2+/ 
Mg2 + -dependent  endonuclease,  which  cleaves 
DNA  at  internucleosomal  regions.  The  endonu¬ 
clease  may  be  NUC-18,  DNAase  I  or  DNAase  II 
(reviewed  in  [4]).  Recently  work  from  our  lab¬ 
oratory  and  others  have  suggested  that  the  DNA 
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ladders  are  derived  from  large  kilobase  pair 
fragments  of  DNA  [4,5]. 

Protein  degradation  has  also  been  implicated 
in  apoptosis  in  both  invertebrates  and  mammals. 
In  the  nematode,  Caenorhabditis  elegans ,  the 
gene  ced-3  is  essential  for  apoptosis  and  encodes 
a  protein  similar  to  the  mammalian  protease, 
interleukin-l/Uconverting  enzyme  (ICE)  [6].  In 
rat  fibroblasts,  over-expression  of  ced-3,  ICE  or 
the  related  nedd-2  results  in  apoptosis  [6-8].  In 
thymocytes,  inhibitors  of  proteolysis  prevent 
internucleosomal  DNA  cleavage  [9]  and  a  role 
for  serine  and  cysteine  proteases  has  been  pro¬ 
posed  [10,11]. 

The  data  presented  here  are  an  extension  of 
our  previous  work  on  the  role  of  proteolysis  and 
DNA  degradation  in  the  sequence  of  events 
leading  to  apoptosis  in  thymocytes  [12].  Apop¬ 
tosis  was  induced  by  agents  acting  by  different 
mechanisms,  i.e.  dexamethasone,  a  glucocor¬ 
ticoid,  staurosporine,  a  protein  kinase  inhibitor 
and  y-irradiation.  iV-a-tosyl-L-lysinyl-chloro- 
methylketone  (TLCK),  A-tosyl-L-phenylalaninyl- 
chloromethylketone  (TPCK),  and  ICE-like 
protease  inhibitors  have  been  used  in  this  study. 
Both  TLCK  and  TPCK  inhibit  some  cysteine  and 
serine  proteases  [13].  However,  TLCK  irrever¬ 
sibly  inhibits  trypsin-like  proteases,  which  re¬ 
quire  a  basic  amino  acid  in  the  PI  position 
(Schecter  and  Berger  nomenclature),  while 
TPCK  irreversibly  inhibits  chymotrypsin-like 
proteases,  which  require  an  aromatic  amino  acid 
in  the  PI  position  [13].  In  contrast  ICE-like 
protease  inhibitors  require  an  aspartate  in  the  PI 
position  [8,14]. 


2.  Materials  and  methods 

All  media  and  sera  were  from  Gibco  (Paisley, 
UK).  Pronase,  TLCK  and  TPCK  were  from 
Boehringer  Mannheim  (Mannheim,  Germany). 
An  ICE-like  protease  inhibitor,  benzyloxycar- 
bonyl-valinyl-alaninyl-aspartyl  (OMe)  fluorome- 
thylketone  (Z-VAD.FMK)  was  from  Enzyme 
Systems  Inc.  (Dublin,  CA,  USA).  All  other 
chemicals  were  from  Sigma  Chemical  Company 
(Poole,  UK). 


2.1.  Preparation  and  incubation  of  thymocyte 
suspensions 

Suspensions  of  thymocytes  from  immature 
male  F344  rats  (4-5  weeks  old,  65-85  g)  were 
prepared  and  incubated  as  described  previously 
[12].  Populations  of  predominantly  proliferating 
and  quiescent  thymocytes  (FI  and  F2  respective¬ 
ly)  were  sorted  as  previously  described  [15]. 

2.2.  Apoptosis  assessed  by  flow  cytometry 

Thymocytes  (1  x  10ft)  were  stained  with 

Hoechst  33342  and  propidium  iodide  and  viable 
apoptotic  and  normal  cells  separated  by  flow 
cytometry  [16].  All  protease  inhibitors  were  used 
at  non-toxic  concentrations  as  assessed  by  exclu¬ 
sion  of  propidium  iodide. 

2.3.  DNA  analysis  and  cell  size 

Conventional  and  field  inversion  gel  electro¬ 
phoresis  (FIGE)  were  carried  out  as  previously 
described  [5].  Cell  sizing  and  electron  microscopy 
were  carried  out  as  described  [12,17]. 

3.  Results 

3.1.  Thymocyte  apoptosis  induced  by  y- 
irradation  is  inhibited  by  TLCK 

Apoptosis  can  be  induced  in  thymocytes  by  a 
range  of  agents  including  dexamethasone, 
etoposide,  thapsigargin  and  staurosporine.  Apop¬ 
tosis  caused  by  these  stimuli  can  be  inhibited  by 
TLCK  [12].  Here  we  report  that,  in  addition, 
apoptosis  induced  by  y-irradiation  in  unsorted 
thymocytes  was  inhibited  by  TLCK  (data  not 
shown).  Furthermore  there  was  no  difference  in 
sensitivity  to  TLCK  inhibition  between  predomi¬ 
nantly  proliferating  (FI)  and  quiescent  (F2) 
thymocytes  (Fig.  1). 

3.2.  TLCK  sensitive  target  is  downstream  of  de 
novo  protein  synthesis 

Transcription  and  translation  are  often  re¬ 
quired  for  thymocyte  apoptosis  [18],  and  TLCK 
is  known  to  inhibit  transcription.  Therefore  the 
possibility  that  TLCK  was  affecting  these  pro¬ 
cesses  was  examined  by  comparing  its  effects 
with  those  of  cycloheximide.  Apoptosis  induced 
by  y-irradiation  (Fig.  1)  dexamethasone, 
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Fig.  1.  Thymocyte  apoptosis  induced  by  y-irradiation  is 
inhibited  by  TLCK  and  cycloheximide.  Primarily  prolifer¬ 
ating  (FI)  or  quiescent  (F2)  thymocytes  were  incubated 
either  alone  (solid  bars),  with  TLCK  (50  /aM;  hatched  bars) 
or  with  cycloheximide  (10  /xM;  horizontal  striped  bars)  for  1 
h  and  subsequently  irradiated  (4  Gy)  (Vickrad  ftUCo  source  at 
6.5  Gy/min).  Cells  were  then  incubated  for  a  further  4  h  and 
apoptosis  assessed,  as  percentage  high  blue  cells,  by  flow 
cytometry.  The  incidence  of  apoptosis  in  untreated  cultures 
after  4  h  incubation  is  also  shown  (open  bars).  The  data  are 
the  mean  (  ±  S.E.M.)  of  3  experiments. 

etoposide  and  thapsigargin  was  inhibited  by  both 
TLCK  and  cycloheximide,  whereas  that  induced 
by  staurosporine  was  inhibited  only  by  TLCK 
(Fig.  2 A)  [12].  These  data  together  with  our 
earlier  studies  [12]  support  a  model  in  which  the 
apoptotic  machinery  is  pre-existing  and  stauros¬ 
porine  induces  apoptosis  by  acting  downstream 
of  de  novo  protein  synthesis  but  upstream  of  a 
TLCK  sensitive  target.  Z-VAD.FMK  inhibited 
dexamethasone-induced  apoptosis  (Fig.  2B).  It 
also  inhibited  apoptosis  induced  by  other  stimuli 
(data  not  shown). 

33.  Lack  of  inhibition  of  DNA  fragmentation 
by  TLCK  in  isolated  nuclei 

In  intact  thymocytes  TLCK  inhibited  both 
internucleosomal  cleavage  and  the  formation  of 
large  kilobase  pair  fragments  of  DNA  induced 
by  both  dexamethasone  and  etoposide  [12].  To 
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Fig.  2.  (A)  Staurosporine-induced  thymocyte  apoptosis  is 
prevented  by  TLCK  but  not  by  cycloheximide.  Thymocytes 
were  incubated  for  1  h  either  alone,  with  TLCK  (50,  100  /aM; 
C,  D),  or  with  cycloheximide  (10  /xM;  E).  Cells  were 
subsequently  treated  for  4  h  with  staurosporine  (1  /xM;  B). 
The  incidence  of  apoptosis  in  untreated  cultures  is  also  shown 
(A).  The  results  are  the  mean  (  ±  S.E.M.)  of  at  least  3 
experiments.  (B)  Z-VAD.FMK  inhibits  dexamethasone-in¬ 
duced  apoptosis.  Thymocytes  were  incubated  for  1  h  either 
alone  (open  bars)  or  with  Z-VAD.FMK  (200  /xM;  solid  bars) 
and  subsequently  treated  for  4  h  with  dexamethasone  (DEX; 
0.1  /u,M).  The  percentage  of  apoptotic  cells  (high  blue  cells) 
was  assessed  by  flow  cytometry.  The  data  are  the  mean  of  at 
least  3  experiments  (  ±  S.E.M.). 

ascertain  whether  proteolysis  was  involved  be¬ 
fore  the  initial  cleavage  of  DNA  that  produces 
large  fragments,  the  effects  of  TLCK  on  isolated 
rat  thymocyte  nuclei  were  investigated.  TLCK 
binds  and  inactivates  its  target  within  30  min 
[12].  To  ensure  a  relevant  TLCK  concentration 
when  testing  the  effects  of  TLCK  on  Mg~+-  and 
Ca2+  /  Mg2 + -dependent  chromatin  degradation, 
cells  were  pre-treated  with  TLCK  (50  /iM),  a 
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Fig.  3.  The  effect  of  TLCK  on  Mg2+-  and  Ca2+/Mg2‘- 
dependent  DNA  degradation  in  isolated  nuclei.  Thymocytes 
were  incubated  for  1  h  either  alone  or  with  TLCK  (50  yuM). 
Nuclei  from  cells  incubated  alone  were  isolated  and  incu¬ 
bated  in  the  absence  of  (lane  1)  or  presence  of  Mg2'  (lane  2) 
or  Ca‘  and  Mg~+  (lane  3).  Nuclei  from  cells  treated  with 
TLCK  were  also  incubated  in  the  absence  of  (lane  4)  or 
presence  of  Mg2+  (lane  5)  or  Ca2+  and  Mg2‘  (lane  6).  DNA 
degradation  was  assessed  by  FIGE  (A)  or  conventional 
agarose  gel  electrophoresis  (B). 


concentration  which  inhibited  apoptosis  in  intact 
cells,  prior  to  isolation  of  nuclei.  DNA  of  isolated 
thymocyte  nuclei  was  degraded  in  both  a  Mg2+- 
and  a  Ca~  /Mg2  +  -dependent  fashion  (Fig.  3 
lanes  2  and  3  respectively).  Thymocyte  nuclei 
isolated  from  cells  treated  with  TLCK  degraded 
their  DNA  in  a  similar  manner  (Fig.  3,  lanes  5 
and  6  respectively).  These  results  suggest  that  in 
intact  cells  TLCK  inhibits  apoptosis  at  a  stage 
prior  to  DNA  fragmentation. 

3.4.  TPCK  induces  changes  characteristic  of 
early  apoptosis 

Ultrastructural  examination  of  cells  following  4 
h  incubation  with  TPCK  (25  yu-M)  revealed  that 
most  thymocytes  (80%)  displayed  a  distinct 
ultrastructure  (Fig.  4),  characterised  by  con¬ 
densed  chromatin  abutting  the  nuclear  mem¬ 
brane  similar  to  that  observed  with  cells  treated 
with  dexamethasone  in  the  presence  of  zinc  [17]. 
Several  of  the  cells  treated  with  TPCK  showed 
disintegration  of  the  nucleolus  together  with  the 
formation  of  cytoplasmic  vacuoles.  These  studies 
demonstrated  that  TPCK  induced  both  bio¬ 
chemical  and  morphological  changes  associated 


Fig.  4.  TPCK  causes  perinuclear  condensation  of  chromatin. 
(A)  Thymocytes  incubated  in  the  control  medium  exhibited 
normal  ultrastructure  with  diffuse  aggregations  of  ccntrinu- 
clear  and  perinuclear  heterochromatin.  (B)  Cells  incubated  in 
the  presence  of  TPCK  (25  /xM)  showed  condensation  of 
heterochromatin  into  discrete,  sharply-defined  clumps  (ar¬ 
rows).  Several  of  these  cells  showed  disintegration  of  the 
nucleolus  (*)  together  with  the  formation  of  cytoplasmic 
vacuoles  which  fused  with  the  cell  membrane.  Bars  =  2  /xm. 
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with  early  nuclear  changes  of  apoptosis  without 
producing  internucleosomal  cleavage. 

4.  Discussion 

We  and  others  have  shown  that  there  is  an 
initial  degradation  of  DNA  to  fragments  of 
5*700,  200-300  and  30-50  kbp  in  size  [4,5,19]. 
These  large  fragments  are  precursors  of  DNA 
ladders  and  are  associated  with  cells  displaying 
an  early  apoptotic  morphology  [4,5,15,19].  Previ¬ 
ously  we  have  shown  that  TLCK  inhibited  the 
formation  of  these  large  fragments  [12]  consis¬ 
tent  with  proteolysis  being  required  either  for  the 
initial  cleavage  of  intact  DNA  to  kilobase  pair 
fragments  or  at  some  earlier  stage  in  the  apo¬ 
ptotic  process.  To  distinguish  between  these 
possibilities,  isolated  thymocyte  nuclei,  which 
exhibit  both  a  Mg2+-  and  a  Ca"+/Mg^+ -depen¬ 
dent  DNA  degradation,  were  used  as  a  model  of 
the  nuclear  changes  seen  during  apoptosis  [20]. 
With  these  nuclei,  TLCK  inhibited  neither  the 
formation  of  large  fragments  nor  internu¬ 
cleosomal  cleavage  (Fig.  3).  These  data  were 
inconsistent  with  the  first  possibility  and  sug¬ 
gested  that  proteolysis  was  required  at  an  early 
stage  of  apoptosis,  prior  to  the  formation  of 
kilobase  pair  fragments  of  DNA. 

4.1.  TPCK  inhibits  DNA  laddering  but  itself 
induces  early  apoptotic  morphology 

TPCK  exerted  markedly  different  effects  com¬ 
pared  with  TLCK.  TPCK  inhibited  internu¬ 
cleosomal  cleavage  induced  by  dexamethasone 
or  etoposide  [9,12]  but  alone  caused  the  forma¬ 
tion  of  large  DNA  fragments  [12].  The  induction 
of  internucleosomal  cleavage  of  DNA  by  dexa¬ 
methasone  or  teniposide  but  not  the  formation  of 
large  fragments  in  rat  thymocytes  was  prevented 
by  TPCK  [11].  On  ultrastructural  examination  of 
TPCK-treated  cells,  formation  of  cytoplasmic 
vacuoles  and  condensation  of  chromatin  into 
sharply  defined  clumps  abutting  the  nuclear 
membrane  were  observed  (Fig.  4).  Both  the 
pattern  of  DNA  fragmentation  and  the  morphol¬ 
ogy  are  typical  of  early  nuclear  changes  of 
apoptosis  [17,21].  Consistent  with  the  alterations 


in  cytoplasmic  morphology,  TPCK  alone  induced 
shrinkage  in  a  proportion  of  cells  [12].  These 
data  demonstrate  that  the  effects  of  TLCK  and 
TPCK  are  different  and  that  TPCK  alone  in¬ 
duces  many  of  the  early  changes  of  apoptosis  and 
only  inhibits  the  terminal  stages  of  DNA  frag¬ 
mentation,  i.e.  internucleosomal  cleavage  and 
full  chromatin  condensation. 


4.2.  Proteases  and  thymocyte  apoptosis 

In  T-cell  receptor-mediated  apoptosis,  in  both 
a  T-cell  hybridoma  and  peripheral  T  cells,  the 
effects  of  protease  inhibitors  have  suggested  the 
involvement  of  more  than  one  protease  and  that 
these  proteases  are  involved  at  different  stages  of 
the  process  [22].  The  relationship  between 
proteolysis  and  endonuclease  activity  was  further 
examined  by  investigating  the  effects  of  protease 
inhibitors  on  the  formation  of  large  kilobase 
pair-sized  fragments  of  DNA.  In  intact 
thymocytes  some  protease  inhibitors  prevented 
the  conversion  of  large  kilobase  pair-sized  DNA 
fragments  into  a  DNA  ladder  but  did  not  prevent 
the  formation  of  fragments  greater  than  50  kbp 
in  size  [11].  The  present  study  also  showed  that 
TLCK  did  not  act  directly  on  the  calcium-  and 
magnesium-dependent  endonuclease(s). 

The  marked  contrast  between  the  effects  of 
TLCK  and  TPCK  on  thymocyte  apoptosis  ([12] 
and  this  study)  suggests  roles  for  trypsin-like  and 
chymotrypsin-like  proteases  at  different  stages  of 
the  apoptotic  pathway.  TLCK  acts  at  a  very  early 
stage  of  the  process,  inhibiting  all  changes  associ¬ 
ated  with  apoptosis.  TPCK  prevents  only  the 
terminal  biochemical  and  morphological  changes 
induced  by  dexamethasone  or  etoposide.  How¬ 
ever,  at  the  same  concentration  TPCK  alone 
causes  biochemical  and  morphological  changes 
associated  with  early  apoptosis  (Fig.  4).  TPCK 
clearly  has  2  distinct  effects  and  therefore  is 
likely  to  have  2  distinct  targets  in  the  cell.  One 
target  is  required  for  the  progression  of  early 
apoptotic  cells  to  a  fully  apoptotic  phenotype. 
The  data  suggest  that  this  target  is  nuclear,  which 
is  consistent  with  the  results  obtained  from  both 
thymocyte  [11]  and  hepatocyte  nuclei.  Alkylation 
of  a  second  target  by  TPCK  produces  many 
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characteristics  of  apoptosis.  This  effect  of  TPCK 
may  be  explained  in  2  ways.  A  specific  target 
may  be  a  negative  regulator  of  apoptosis  and  so 
its  modification  by  TPCK  releases  the  apoptotic 
machinery  which  had  previously  been  held  in 
check.  Alternatively,  alkylation  by  TPCK  may  be 
detected  as  non-specific  damage  by  the  affected 
cell  which  subsequently  opts  for  controlled  death 
rather  than  attempting  repair. 

4.3.  A  hierarchy  of  proteases 
A  requirement  for  different  proteases  has 
been  implicated  in  T-cell  receptor-mediated 
apoptosis  [22].  Z-VAD.FMK  inhibited  apoptosis 
induced  by  dexamethasone  (Fig.  2B)  and  by 
other  stimuli  (data  not  shown)  suggesting  the 
involvement  of  an  ICE-like  protease  at  an  early 
stage  of  apoptosis.  Thus  the  present  results, 
together  with  our  other  studies  ([12]  and  un¬ 
published  data),  support  the  involvement  of  both 
an  ICE-like  and  a  trypsin-like  protease  at  an 
early  stage  of  thymocyte  apoptosis  and  a  chymo- 
trypsin-like  protease  at  a  late  stage  of  thymocyte 
apoptosis. 
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Abstract 

Active  cell  death  is  a  genetically  encoded  self-destruction  of  a  cell.  There  occur  morphologically  different  types  of 
active  cell  death,  e.g.  apoptosis  in  the  liver  or  autophagic  cell  death  in  human  mammary  carcinoma  cells  after 
tamoxifen  treatment.  (Pre) neoplastic  lesions  in  rat  liver  exhibit  enhanced  rates  of  apoptosis,  which  tend  to  increase 
with  increasing  malignancy.  Tumor  promoters  and  non-genotoxic  carcinogens  inhibit  active  cell  death,  thereby 
increasing  the  accumulation  of  (pre)neoplastic  cells  and  accelerating  the  development  of  cancer.  On  the  other  hand 
promoter  withdrawal,  fasting  or  application  of  negative  growth  signals  such  as  transforming  growth  factor  {31  (TGF 
{31)  enhance  apoptosis  and  can  lead  to  selective  regression  of  preneoplastic  lesions  or  tumors. 

Keywords ;  Apoptosis;  Autophagic  cell  death;  Non-genotoxic  carcinogens;  Tumor  promotion;  Liver;  MCF-7  cells 


1.  Introduction 

Active  cell  death  is  a  genetically  encoded 
active  self-destruction  of  a  cell.  It  serves  as  a 
counterpart  of  mitosis  in  the  maintenance  of  an 
adequate  cell  number  in  tissues  by  elimination  of 
cells  which  are  no  longer  needed  by  the  organ¬ 
ism.  It  also  serves  to  eliminate  damaged  cells. 
Active  cell  death  can  be  induced  by  withdrawal 
of  growth  factors  and  trophic  hormones  and  is 
controlled  by  the  growth  regulatory  network  of 
the  organism  [1-3].  Obviously,  during  carcino- 
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genesis  and  tumor  growth  the  regulation  of  cell 
proliferation  and  active  cell  death  are  disturbed. 
The  present  paper  will  review  some  recent  ex¬ 
perimental  approaches  and  concepts  to  under¬ 
stand  and  define  the  underlying  defects. 

Active  cell  death  can  occur  as  morphologically 
different  types.  Apoptosis,  currently  the  most 
widely  known  type,  is  characterized  by  condensa¬ 
tion  of  cytoplasm  and  nucleus,  abutting  of  chro¬ 
matin  masses  (sometimes  as  crescents)  at  the 
nuclear  membrane,  fragmentation  and 
heterophagy  of  residues  by  neighbouring  cells.  In 
contrast,  during  cell  death  type  II  formation  of 
autophagic  vacuoles  and  lysosomal  activation  are 
early  and  prominent  events  which  are  followed 
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by  pyknotic  chromatin  condensation.  Further 
subtypes  of  active  cell  death  have  been  described 
[4,5]. 

2.  Autophagic  cell  death  in  mammary  cancer 
cells 

Estrogens  have  mitogenic  and  tumor-promot¬ 
ing  activity  in  the  mammary  gland  and  in  other 
tissues.  Their  effects  are  antagonized  by  anti¬ 
estrogens  such  as  tamoxifen  which  is  an  im¬ 
portant  and  effective  drug  in  the  therapy  of 
human  mammary  cancer.  It  is  not  known  to  what 
extent  the  therapeutic  effect  occurs  by  induction 
of  active  cell  death. 

The  human  mammary  cancer  cell  line  MCF-7 
provides  a  useful  model  to  study  the  mechanism 
of  anti-estrogen  action.  Previous  studies  revealed 
an  inhibitory  effect  on  DNA  synthesis  and  en¬ 
hanced  cell  death  [5,6].  We  have  confirmed  these 
results  using  tamoxifen,  4-hydroxytamoxifen  and 
ICI  164384  [5,7].  Thus,  anti-estrogens  have  anti¬ 
proliferative  and  anti-survival  activity.  We  have 
also  found  that  estrogen  treatment  up  to  4  days 
after  tamoxifen  blocks  the  occurrence  of  cell 
death.  This  observation  is  important  because  it 
indicates  the  active  nature  of  death  (mitogen 
rescue)  [7]. 

Detailed  morphological  studies  by  electron 
microscopy  revealed  that  the  preparation  for  cell 
death  starts  with  formation  of  autophagic  vac¬ 
uoles  which  gradually  degrades  most  of  the 
cytoplasmic  structures.  At  a  later  stage,  nuclear 
changes  become  apparent  which  consist  of  for¬ 
mation  of  chromatin  clumps  distantly  from  the 


nuclear  membrane,  and  finally  pyknotic  con¬ 
densation  in  the  center  of  the  nucleus.  Only  a 
minority  of  nuclei  in  dying  cells  show  changes 
familiar  from  apoptosis,  namely  chromatin  con¬ 
densation  at  the  nuclear  membrane  and  nuclear 
fragmentation.  Thus,  morphologically  the  type  of 
cell  death  induced  in  MCF-7  cells  by  anti-es¬ 
trogens  clearly  does  not  correspond  to  the  defini¬ 
tion  of  apoptosis,  but  rather  to  that  of  type  II  cell 
death  or  autophagic  cell  death  [4,5,7]. 

In  order  to  test  for  a  specific  role  of  autophagy 
in  cell  death  of  MCF-7  cells  we  have  used  3- 
methyladenine,  which  is  known  to  inhibit  auto¬ 
phagy  in  liver  cells  [8].  As  shown  in  Table  1, 
treatment  of  cells  with  3-methyladenine  largely 
prevented  the  increase  of  cell  death  occurring  4 
and  5  days  after  addition  of  tamoxifen  to  the 
culture.  Remarkably,  both  types  of  nuclear  alter¬ 
ation,  namely  apoptosis-like  and  pyknotic 
changes,  were  prevented.  This  finding  supports 
the  morphological  data  suggesting  that  enhanced 
autophagy  is  an  early  step  on  the  pathway  to 
type  II  cell  death. 

3.  Apoptosis  in  stages  of  liver  cancer 

Carcinogenesis  in  rat  liver,  as  in  other  organs, 
occurs  as  a  stepwise  process  via  sequential  inter¬ 
mediate  cellular  phenotypes  from  normal  to 
malignant  cells  [9,10].  The  first  step  or  initiation 
can  be  induced  by  genotoxic  insults  and  may 
result  from  mutational  events;  it  may  also  occur 
for  unknown  reasons  (‘spontaneously’)  as  in 
most  human  cancers.  Initiation  usually  seems  to 
occur  in  single  cells  which  have  a  proliferation 


Table  1 


Inhibition  by  3-methyladenine  of  active  cell  death  in  human  mammary  carcinoma  cells  MCF-7 


Day  after  3-MA 

Tamoxifen 

Tamoxifen  +  3-MA 

Pyknotic  nuclei 

Crescent  and  fragmented  nuclei 

Pyknotic  nuclei 

Crescent  and  fragmented  nuclei 

0 

2.83  ±  0.29 

1.72  ±0.83 

1 

3.9  ±  0.07 

3.85  ±  0.35 

1.45  ±0.21 

1.15  ±  0.21 

2 

6.4  ±  0.82 

3.37  ±0.61 

2.7  ±  0.42 

2.7  ±  1.41 

0  —  day  of  3-mcthyladenine  (3-MA)  treatment,  10  mM.  3-MA  was  added  3  or  4  days  after  tamoxifen  (10  M).  Means  (±SD)  of  3 

representative  experiments  are  given.  Dead  cells  were  identified  by  nuclear  morphology  after  staining  with  Hoechst  33258  and 
counted  by  light  microscopy.  Because  of  their  low  incidence,  nuclei  with  crescent  chromatin  and  fragmented  nuclei  were  added 
together. 
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advantage  over  normal  cells  and  thereby  can 
grow  into  larger  clones.  The  growth  rate  of 
initiated  cells  and  cell  clones,  and  thereby  cancer 
development,  is  accelerated  by  tumor  promotion. 
Further  mutations  in  these  clones  may  give  rise 
to  new  clones  with  higher  growth  advantage  that 
eventually  may  form  malignant  tumors  (progres¬ 
sion).  Rodent  liver  currently  offers  one  of  the 
best  model  systems  to  study  the  stepwise  de¬ 
velopment  of  cancer  because  putative  initiated, 
preneoplastic  and  adenomatous  cells  can  be 
identified  by  a  variety  of  markers,  and  their 
biological  properties  have  been  well  character¬ 
ized  [9,10]. 

The  growth  rate  of  cell  populations  depends 
on  rates  of  cell  replication  (a)  and  rates  of  cell 
death  ( p ).  The  resultant  {a  -  f3)  determines  the 
growth  rate  of  the  cell  population.  It  is  some¬ 
times  assumed  that  tumor  growth  ensues  from  a 
decrease  in  death  rates  of  cells.  However,  this 
concept  does  not  apply  to  the  liver  and  a  number 
of  other  organs  (see  below). 

When  the  death  rate  of  cells  is  >0  (/?>0) 
there  is  a  probability  of  extinction  of  the  clone 
which  is  expressed  as  f3:a  [11].  This  probability 
also  depends  on  the  size  of  the  clone.  Therefore 
it  was  predicted  by  Luebeck  et  al.  that  the 
majority  of  initiated  cells  and  small  preneoplastic 
clones  may  be  extinguished  [11].  In  fact,  we  and 
others  have  shown  that  as  many  as  80%  of  single 
putative  initiated  cells  forming  in  rat  liver  after  a 
single  dose  of  a  genotoxic  carcinogen  disappear 
again  [2,3].  Therefore  the  effect  of  initiation  can 
be  reversed  by  active  cell  death. 

Earlier  studies  of  our  group  led  to  the  discov¬ 
ery  that  putative  preneoplastic  cell  foci  in  rat 
liver  not  only  exhibit  5 -10-fold  higher  rates  of 
cell  replication  than  normal  hepatocytes  but  also 
enhanced  rates  of  cell  death  by  apoptosis.  As  a 
result,  foci  show  little  if  any  growth  during  early 
stages  of  carcinogenesis  [12,13].  Tumor  promot¬ 
ers  were  found  to  act  as  survival  factors  for 
preneoplastic  cells.  Thereby  they  accelerate  the 
accumulation  of  those  cells  and  favor  develop¬ 
ment  of  cancer  [2,3,12,13].  Even  higher  rates  of 
cell  replication  and  of  apoptosis  are  found  in 
hepatic  adenoma  and  in  liver  cancer  [3].  Like¬ 
wise,  human  hepatocarcinoma  on  average  exhibit 


manyfold  higher  rates  of  both  cell  birth  and  cell 
death  than  the  surrounding  tissue  [3].  Obviously, 
the  enhanced  incidence  of  apoptosis  in  preneop¬ 
lastic  cells  is  not  eliminated  by  selection  in  the 
course  of  tumor  progression.  Increased  birth  and 
death  rates  of  cells  will  enhance  the  chance  to 
acquire  additional  genetic  alterations  and  may 
thus  provide  a  selection  advantage  in  the  cell 
population.  The  molecular  basis  of  why  preneop¬ 
lastic  and  neoplastic  cells  exhibit  higher  rates  of 
replication  and  death  is  not  known  but  it  is  of 
interest  that  some  immediate-early  genes  such  as 
fos ,  rayc,  jun ,  etc.  may  be  involved  in  intracellu¬ 
lar  signal  cascades  that  lead  to  cell  replication 
and  to  death  [2,3,14,15]. 

Functional  implications  of  these  findings  in¬ 
clude  that  a  (pre)neoplastic  cell  population  will 
show  selective  growth  upon  stimulation  by 
mitogenic  agents  or  survival  factors.  It  is  most 
intriguing,  however,  that  the  same  population 
should  show  selective  regression  with  growth- 
inhibitory  and  death-inducing  signals  (see  illus¬ 
tration  in  Fig.  1).  We  have  recently  shown  that 
food  restriction  in  rats  for  3  months  to  60%  of 
normal  results  in  an  almost  selective  loss  of 
preneoplastic  cell  foci  from  the  liver.  Foci  de¬ 
creased  by  85%  while  normal  liver  cells  de¬ 
creased  by  only  20%.  Obviously,  preneoplastic 
cells  are  much  more  susceptible  to  negative 
growth  signals  exerted  by  food  restriction  than 
normal  hepatocytes  [16].  These  findings  also 
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Fig.  1.  Homeostasis  of  cell  number  in  tissues  by  mitosis  and 
active  cell  death  and  the  effects  of  trophic  agents  and  of 
growth  inhibitors.  Also  shown  is  the  overresponse  of  pre¬ 
neoplastic  and  tumor  cells  to  trophic  agents  and  growth 
inhibitors  which  may  lead  to  selective  growth  or  selective 
regression  of  tumors. 
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provide  a  new  explanation  for  the  well-known 
protection  from  cancer  exerted  by  low  calorie 
diets  in  both  animals  and  humans. 

Also,  manifest  liver  tumors  may  show  selective 
regression  in  response  to  negative  growth  signals. 
We  have  produced  tumors  by  long-term  treat¬ 
ment  with  the  non-genotoxic  liver  carcinogen 
and  tumor  promoter  nafenopin  in  rat  liver.  Upon 
withdrawal  of  nafenopin  hepatic  foci,  adenoma 
and  carcinoma  showed  extensive  regression,  by 
cessation  of  cell  proliferation  and  enhanced  ac¬ 
tive  cell  death  [3]. 

4.  Signal  factors  for  active  cell  death  in  the 
liver 

Signal  factors  involved  in  the  induction  of 
active  cell  death  in  the  liver  as  well  as  in  other 
organs  include  transforming  growth  factor  p 1 
(TGF  p  1),  activin,  the  fas-ligand  and  tumor 
necrosis  factor  [2,3,17].  We  have  demonstrated 
previously  the  role  of  TGF  pi  in  hepatocyte 
apoptosis.  TGF  pi  appears  to  be  synthesized  in 


hepatocytes  preparing  for  apoptosis  [18],  and 
injection  of  TGF  pi  into  intact  animals  induced 
enhanced  apoptosis.  The  effect  of  TGF  pi  injec¬ 
tion  was  synergistically  enhanced  if  it  was  pre¬ 
ceded  by  a  period  of  hepatomitogen  treatment 
followed  by  mitogen  withdrawal  [19].  Thus,  a 
state  of  ‘mitogen  deficiency’  may  predispose  cells 
for  induction  of  apoptosis  by  TGF  pi.  In  an 
attempt  to  block  endogenous  estrogens  which  act 
as  mitogens  in  the  liver,  we  have  treated  rats 
with  tamoxifen,  and  the  effect  on  apoptosis,  with 
and  without  TGF  p  1,  in  normal  liver  and  in 
preneoplastic  foci  was  investigated.  The  results 
presented  in  Fig.  2  show  that  indeed  tamoxifen 
and  TGF  pi  synergistically  enhanced  the  inci¬ 
dence  of  apoptosis.  Furthermore,  cells  in  foci 
were  much  more  susceptible  to  this  effect  than 
normal  liver  cells  [20].  As  a  result,  foci  showed 
selective  (preferential)  regression  as  compared 
to  the  normal  liver  (Fig.  2,  see  above). 

5.  Implications 


Fig.  2.  Effects  of  TGF  >01  and  tamoxifen  (TAM)  on  apop¬ 
tosis  and  volume  of  preneoplastic  foci  in  the  liver.  Female 
rats  received  a  single  dose  of  130  mg  /kg  dimethylbenzanth- 
razene.  From  13  weeks  later  tamoxifen  (8  mg/kg  daily)  was 
given  s.c.  TGF  fi\  (40  yug/kg)  was  injected  i.v.  either  once  (a) 
or  once  daily  for  8  days  (b).  Putative  preneoplastic  foci  were 
identified  with  antibodies  to  glutathione  5-transferase  P,  and 
the  incidence  of  apoptosis  was  determined  as  described 
previously  (14).  Ordinates  in  (a):  incidence  of  apoptoses;  in 
(b):  %  change  of  liver  DNA  (A)  and  foci  volume  (•).  Values 
at  day  0  (•)  were  set  100%.  DNA  was  assayed  as  an  index  of 
cell  no.  in  the  total  liver.  Note  that  foci  volume  declines  more 
than  total  liver  DNA  indicating  preferential  regression  of 
foci. 


Active  cell  death  is  involved  in  all  major  stages 
of  cancer  development.  Some  implications  of 
these  findings  are  compiled  in  Table  2.  For 
understanding  mechanisms  of  action  of  car¬ 
cinogenic  agents  it  is  important  to  recognize  that 
non-genotoxic  carcinogens  may  have  2  different 
effects  on  their  target  cells:  they  may  either 
increase  replicative  activity,  or  they  may  act  as 
survival  factors  and  prevent  cell  elimination.  Due 
to  the  increasing  susceptibility  to  death  signals  of 
(pre)neoplastic  altered  cells,  non-genotoxic  car¬ 
cinogens  may  induce  the  more  rapid  accumula¬ 
tion  of  cells,  the  more  advanced  the  lesions  are. 

A  further  conclusion  relates  to  the  mode  of 
feeding  in  long-term  testing  of  compounds  for 
carcinogenicity.  Our  data  suggest  that  feeding 
experimental  animals  ad  libitum  stimulates 
growth  rates  of  preneoplastic  lesions,  in  the  liver 
and  possibly  in  other  organs.  This  may  exagger¬ 
ate  the  sensitivity  of  animals  to  weak  car¬ 
cinogenic  stimuli  and  may  even  lead  to  false¬ 
positive  results.  On  the  other  hand  if  the  com¬ 
pound  under  study  reduces  food  consumption 
some  protection  from  cancer  development  may 
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Table  2 

Active  cell  death  in  tumor  development.  Implications  for  understanding  mechanisms  of  action  of  non-genotoxic  carcinogens  and 
for  risk  assessment  of  chemicals 


Initiation: 


Promotion: 


Progression: 
Tumor  growth: 


(a)  Extinction  of  initiated  cells  by  active  cell  death 

Reversibility  of  initiation  possible 

(b)  Promoters  act  as  survival  factors  for  initiated  cells  — »  ‘Co-initiation’ 

(a)  Promoters  act  as  survival  factors  for  (pre)neoplastic  cells 
-*■  Accumulation  of  initiated /prcneoplastic  cells 

(b)  Promoter  withdrawal 

— Reversibility  of  promotion 

(c)  Growth  inhibitors  will  lead  to  anti-promotion 
Enhanced  cell  turnover 

— »  increased  probability  to  accumulate  genetic  alterations 

(a)  Limited  by  active  cell  death 

(b)  Depends  on  continued  availability  of  non-genotoxic  carcinogen /promoter/ survival  factor 

(c)  Withdrawal  of  non-genotoxic  carcinogen  or  treatment  with  anti-hormones/anti-mitogens  may  cause 
‘selective  regression’ 


result  and  may  weaken  or  even  mask  a  possible 
carcinogenic  potential  of  that  compound. 
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Abstract 

A  variety  of  stimuli  can  induce  cells  to  undergo  apoptotic  death.  One  of  the  most  reproducible  inducers  is  mild 
oxidative  stress,  be  it  via  exposure  to  hydrogen  peroxide,  redox-cycling  quinones  or  thiol-alkylating  agents. 
Oxidative  modifications  of  proteins  and  lipids  have  also  been  observed  in  cells  undergoing  apoptosis  in  response  to 
non-oxidative  stimuli  such  as  glucocorticoids  or  topoisomerase  II  inhibitors.  This  suggests  that  some  unidentified 
oxidative  changes  occur  during  apoptosis  in  many,  if  not  all,  cases.  However,  recent  experiments  demonstrating 
apparently  normal  apoptosis  even  when  cells  are  cultured  at  low  oxygen  tensions  show  that  reactive  oxygen  species 
cannot  be  essential  mediators  of  this  type  of  cell  death.  Experiments  revealing  that  apoptosis  is  typically 
accompanied  by  a  depletion  of  intracellular  reduced  glutathione  (GSH)  are  also  discussed.  As  GSH  depletion  will 
lower  a  cell‘s  capacity  to  buffer  against  endogenous  oxidants,  we  propose  that  it  contributes  to  the  increased 
oxidative  damage  commonly  observed  to  accompany  apoptosis.  In  addition,  it  may  set  a  time  limit  on  continued 
mitochondrial  function  (and  thus  indirectly  on  total  ATP  levels  and  membrane  integrity)  in  apoptotic  cells,  and 
thereby  explain  the  often  observed  ‘secondary  necrosis’  of  cells  undergoing  apoptosis  in  vitro. 

Keywords:  Thymocyte;  ROS;  Glutathione;  ICE-like  proteases;  Dithiocarbamate;  Necrosis 


1.  Introduction 

Apoptosis  is  a  form  of  cell  death  in  which  an 
individual  cell  undergoes  an  internally  controlled 
transition  from  an  intact  metabolically  active 
state  into  a  number  of  shrunken  remnants  retain¬ 
ing  their  membrane  bound  integrity  [1,2].  Lysis 
of  internal  organelles  apparently  does  not  occur 
during  this  process,  and  little  external  leakage  of 
the  contents  of  the  dying  cell  can  be  detected.  As 
a  consequence,  apoptotic  cells  do  not  induce  an 
inflammatory  response  in  vivo.  Instead  the 
shrunken  apoptotic  bodies  are  phagocytosed  and 
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their  contents  presumably  recycled  [3].  Apop¬ 
tosis  therefore  provides  an  organism  both  with  a 
safe  and  efficient  way  to  continuously  turnover 
cells  in  any  tissue,  and  the  capability  to  remove 
specific  cells  during  development. 

Genetic  and  biochemical  investigations  of 
apoptosis  in  cells  from  various  organisms  have 
identified  several  highly  conserved  protein 
families  specifically  involved  in  the  molecular 
mechanism  of  this  form  of  cell  death.  A  gene 
product  called  bcl-2  first  identified  in  human 
B-cell  lymphomas  as  a  common  translocation 
from  its  normal  site  on  chromosome  18  to  a 
region  close  to  the  immunoglobulin  heavy  chain 
promoter  on  chromosome  14  is  homologous  to  a 
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negative  regulator  of  cell  death  (ced-9)  found  in 
the  nematode  Caenorhabditis  elegans.  Over¬ 
expression  of  bcl-2 ,  or  the  related  gene  bcl-xl , 
protects  a  variety  of  mammalian  cells  from 
undergoing  apoptosis  induced  by  many  different 
stimuli  [4].  Another  C.  elegans  gene  product 
called  ced-3  was  identified  as  being  essential  for 
the  occurrence  of  developmental  cell  death. 
Again  the  protein  encoded  for  by  this  gene  has 
significant  homology  to  a  family  of  mammalian 
proteins,  in  this  case  cysteine  proteases  related  to 
interleukin  1-/3  converting  enzyme  (ICE).  Over- 
expression  of  several  of  these  proteases  can 
induce  apoptosis  in  mammalian  cells,  while  inhi¬ 
bition  of  their  activity  either  with  non-hydrolys- 
able  peptide  analogs  or  co-expression  of  the  viral 
ICE-protease  inhibitor  crm-A  potently  inhibits 
apoptotic  cell  death  [5].  It  thus  appears  that 
protease  activation  and  subsequent  cleavage  of 
as  yet  unidentified  protein  substrates  is  a  com¬ 
mon  event  in  many,  if  not  all,  forms  of  apoptosis. 

Oxidants  including  reactive  oxygen  species 
(ROS),  lipid  hydroperoxides  and  nitric  oxide  are 
also  believed  to  be  widely  involved  in  apoptosis. 
Much  of  the  evidence  for  this  comes  from 
numerous  observations  that  antioxidants  inhibit/ 
delay  the  onset  of  this  type  of  cell  death.  For 
example,  cultured  sympathetic  neurons  die  by 
apoptosis  when  deprived  of  nerve  growth  factor 
(NGF).  Direct  injection  of  neurons  with  either 
copper/zinc  superoxide  dismutase  (SOD)  pro¬ 
tein  or  cDNA  within  the  first  few  hours  of  NGF 
removal  delays  cell  death,  while  significant  in¬ 
creases  in  the  intracellular  peroxide  tonus  can  be 
detected  within  3  h  [6].  Similar  results  have  been 
obtained  with  an  interleukin  3-dependent  pro-B 
lymphocyte  cell  line.  In  these  cells,  growth  factor 
withdrawal  induces  apoptosis  while  overexpres¬ 
sion  of  glutathione  peroxidase  (but  not  SOD) 
provides  significant  protection  [7],  In  each  exam¬ 
ple,  successful  transmission  of  a  physiological 
signal  for  cell  death  is  apparently  partly  depen¬ 
dent  on  subsequent  oxidative  changes  within  the 
receiving  cell.  However,  this  does  not  imply  that 
ROS  alone  are  absolutely  required  as  mediators 
of  all  types  of  apoptosis.  Three  independent 
publications  have  recently  shown  that  various 
forms  of  apoptosis  can  occur  with  approximately 


similar  efficacy  independent  of  ambient  oxygen 
tension  [8-10],  while  the  interaction  between 
FAS  ligand  and  its  receptor  is  one  physiological¬ 
ly  important  stimulus  for  apoptosis  that  is  not 
influenced  by  the  presence  of  various  antioxid¬ 
ants  and  metal  chelators  [11,12].  In  this  review 
we  attempt  to  dissect  the  controversy  surround¬ 
ing  ‘oxidative  stress  and  apoptosis’,  and  empha¬ 
sise  how  some  of  the  redox  changes  observed  in 
dying  cells  may  relate  to  the  overall  apoptotic 
process. 

2.  Pro-oxidant  conditions  promote  either 
apoptosis  or  necrosis 

Direct  exposure  of  cells  to  oxidants  such  as 
hydrogen  peroxide  or  redox-cycling  quinones 
causes  multiple  intracellular  alterations,  includ¬ 
ing  elevation  of  cytosolic  Ca2+,  depletion  of 
ATP,  and  oxidation  of  NADH,  reduced  gluta¬ 
thione  (GSH),  and  lipids  [13].  Necrosis  is  the 
characteristic  end  point  of  such  a  dramatic  dis¬ 
turbance  in  cell  homeostasis,  and  as  apoptosis 
and  necrosis  represent  such  distinct  pathways  to 
cell  death  the  possibility  that  lower  concentra¬ 
tions  of  oxidants  could  also  promote  apoptosis 
was  initially  ignored.  One  of  the  first  studies 
reversing  this  neglect  was  undertaken  by  Lennon 
et  al.,  who  observed  that  low  amounts  of  hydro¬ 
gen  peroxide  induce  apoptosis  in  HL-60  cells, 
while  necrosis  occurs  when  millimolar  concen¬ 
trations  of  the  oxidant  are  present  [14].  Exposure 
of  RINm5F  cells  to  increasing  doses  of  redox¬ 
cycling  2, 3-dimethoxy-l, 4-naphthoquinone  pro¬ 
gressively  results  in  cell  proliferation,  apoptosis 
and  finally  necrosis  [15].  Oxidised  low  density 
lipoproteins  and  lipid  hydroperoxides  such  as 
15-hydroperoxyeicosatetraenoic  acid  are  other 
oxidants  reported  to  induce  apoptosis  when 
directly  applied  to  cells  [16,17].  Finally,  mild 
oxidation  of  intracellular  sulphydryls  with  low 
concentrations  of  diamide  induces  apoptosis  in  T 
cells  [18];  raising  the  concentration  of  the  oxidant 
was  again  observed  to  shift  the  form  of  cell  death 
away  from  apoptosis  towards  necrosis. 

Dithiocarbamates  are  thiol-containing  mole¬ 
cules  with  a  diversity  of  applications,  both  ex¬ 
perimentally  (they  are  often  used  as  antioxidants 
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in  cell  biological  studies)  and  commercially  (as  an 
important  class  of  agricultural  pesticide  with 
additional  minor  clinical  utilities).  We  have  re¬ 
cently  studied  the  effects  of  these  compounds,  in 
particular  pyrrolidine  dithiocarbamate  (PDTC), 
on  rat  thymocytes  (Nobel,  Kimland,  Lind,  Or- 
renius  and  Slater,  J.  Biol.  Chem.  in  press). 
Exposing  these  cells  to  PDTC  (1-40  /xM)  in¬ 
duces  an  initial  2-3-fold  increase  in  the  intracel¬ 
lular  concentration  of  glutathione  disulfide 
(GSSG),  which  is  followed  several  hours  later  by 
the  cell  shrinkage  and  chromatin  fragmentation 
that  typifies  apoptosis  in  thymocytes.  Inclusion  of 
membrane-impermeable  metal  chelators  in  the 
incubation  medium  abrogates  these  effects,  while 
analysis  of  intracellular  metals  revealed  a  rapid 
8-fold  elevation  of  copper  in  the  treated  cells.  In 
contrast,  intracellular  iron  levels  were  un¬ 
changed.  Supplementation  of  the  culture  medium 
with  traces  of  copper  was  also  found  to  poten¬ 
tiate  toxicity.  As  dithiocarbamates  are  well 
known  to  be  lipophilic  compounds  possessing 
strong  copper-chelating  properties,  these  results 
suggest  that  intracellular  transport  of  redox-ac¬ 
tive  copper  promoting  an  oxidative  stress  within 
the  treated  cells  causes  the  subsequent  onset  of 
apoptosis.  Our  studies  with  PDTC  thus  provide  a 
particularly  clear  example  of  an  environmental 
toxicant  inducing  apoptotic  cell  death  via  an 
oxidative  shift  in  intracellular  redox  state. 

3.  Evidence  for  oxidative  changes  during 
thymocyte  apoptosis 

While  it  is  now  widely  accepted  that  oxidative 
stress  is  one  of  many  stimuli  capable  of  promot¬ 
ing  apoptosis,  it  is  much  less  clear  whether  any 
common  oxidative  changes  universally  accom¬ 
pany  apoptotic  cell  death.  The  experiments  de¬ 
scribed  above  demonstrating  apparently  normal 
apoptosis  in  a  low-oxygen  environment  suggest 
that  normal /enhanced  production  of  ROS  is  not 
an  absolute  requirement  for  this  type  of  cell 
death.  However,  neither  oxidation  nor  changes  in 
intracellular  redox  state  (for  example  of  protein 
sulphydryls  or  GSH)  are  synonymous  with  mo¬ 
lecular  oxygen  and  its  metabolites.  It  should  also 
be  noted  that  approximately  equivalent  oxidative 


modification  to  DNA  and  bulk  protein  was 
detected  between  cells  undergoing  apoptosis  in 
normoxic  and  hypoxic  conditions  (Fig.  3  in  [10]). 
Apoptosis  is  a  complex  cellular  event  involving 
at  the  very  least  the  coordinated  action  of  several 
different  proteases,  nucleases  and  membrane-as¬ 
sociated  ion  channels  and  phospholipid  translo- 
cases,  and  it  is  reasonable  to  speculate  that  some 
of  these  events  will  be  subject  to  redox  control. 

Thymocytes  are  a  convenient  model  system  for 
studying  apoptosis.  In  vivo  these  cells  rapidly 
undergo  negative  selection  by  apoptosis,  and 
they  are  also  sensitive  to  experimental  induction 
of  apoptosis  in  a  variety  of  ways.  Both  we  and 
others  have  observed  that  antioxidants  as  diverse 
as  metal  chelators,  nitrone  free-radical  spin  traps 
and  the  endogenous  thiol  reductant  dihydrolipoic 
acid  (DHL A)  each  inhibit  thymocyte  apoptosis 
induced  by  stimuli  as  different  as  glucocorticoid 
hormones,  DNA-damaging  agents  or  Ca2+  iono- 
phores  [19,20].  With  respect  to  DHLA,  this 
inhibition  was  evident  before  any  shrinkage  of 
the  cells  could  be  detected,  while  chromatin 
fragmentation  was  blocked  beyond  the  initial  300 
kbp  stage  [20].  Density  gradient  centrifugation 
can  be  used  to  isolate  sub-populations  of 
thymocytes  at  different  stages  of  apoptosis  [21], 
and  this  method  was  therefore  employed  to 
investigate  possible  oxidative  changes  occurring 
in  these  cells.  Both  pre-apoptotic  (partially 
shrunken  cells  which  contain  high-molecular- 
weight  chromatin  fragments)  and  fully  apoptotic 
cells  have  a  lower  GSH,  protein  sulphydryl  and 
a-tocopherol  content  than  thymocytes  of  normal 
density  [20].  Similar  changes  are  seen  irrespec¬ 
tive  of  whether  apoptosis  is  induced  by  a 
glucocorticoid  hormone  or  occurs  spontaneously 
in  culture,  and  they  thus  seem  to  be  consistent 
phenomena  accompanying  apoptosis  in  these 
cells.  However,  even  though  nitrone  free-radical 
spin  traps  prevent  these  changes  and  inhibit  cell 
death,  we  have  been  consistently  unable  to 
detect  any  electron  spin  resonance  signal  from 
ROS  in  thymocytes  treated  with  apoptosis-induc¬ 
ing  agents.  This  may  reflect  the  inherent  insen¬ 
sitivity  of  the  method,  although  the  experiments 
at  low  oxygen  tension  described  above  suggest  an 
alternative  explanation:  ROS  are  not  crucial, 


152 


A.F.G.  Slater  et  al.  I  Toxicology  Letters  82! 83  (1995)  149-153 


even  though  some  other  event  resulting  in  a 
depletion  of  intracellular  GSH  and  reduced  pro¬ 
tein  thiols  does  occur. 

4.  GSH  depletion  also  occurs  during  apoptosis 
in  many  other  cell  systems 

Intracellular  GSH  levels  can  be  artificially 
lowered  in  several  ways,  for  example  by  inhib¬ 
iting  its  biosynthesis  with  buthionine  sulfoximine, 
binding  free  sulphydryl  groups  with  diethyl 
maleate  or  simply  withdrawing  cystine  from  the 
cell  culture  medium.  When  treated  in  this  way, 
cells  can  usually  tolerate  GSH  levels  down  to 
about  20%  of  normal,  although  they  are  usually 
very  sensitive  to  any  additional  stress.  Apoptosis 
can  still  be  induced  in  GSH-depleted  cells,  al¬ 
though  necrotic  lysis  tends  to  predominate 
[22,23].  Lowering  GSH  levels  alone  is  therefore 
clearly  insufficient  to  induce  apoptosis. 

However  when  GSH  levels  are  measured  as 
thymocytes  undergo  apoptosis  in  response  to 
glucocorticoids  or  etoposide,  the  concentration 
of  the  thiol  is  seen  to  fall  approximately  co¬ 
incident  with  chromatin  degradation  and  cell 
shrinkage  [20].  As  mentioned  above,  density- 
gradient  centrifugation  reveals  that  these  changes 
are  confined  to  both  pre-apoptotic  and  apoptotic 
cells.  Similar  changes  were  seen  both  when 
murine  L929  fibroblasts  were  treated  with 
tumour  necrosis  factor-#  and  when  anti-FAS 
antibody  was  added  to  human  JURKAT  T  cells 
(unpublished  data).  Experiments  are  in  progress 
to  determine  the  fate  of  the  missing  GSH;  is  it 
oxidised  into  GSSG  and  then  exported  from  the 
cell,  degraded  or  covalently  reacted  with  proteins 
as  a  mixed  disulphide? 

Jacobson  et  al.  have  presented  a  model  for 
apoptosis  in  which  an  unidentified  cytoplasmic 
control  system  (a  cascade  of  ICE-like  proteases?) 
orchestrates  the  multiple  downstream  events 
(such  as  cell  shrinkage  and  chromatin  degra¬ 
dation)  that  comprise  apoptosis  [24].  We  pos¬ 
tulate  that  a  loss  of  cytoplasmic  (and  nuclear?) 
GSH  is  one  of  these  characteristic  downstream 
changes.  A  loss  of  cytoplasmic  GSH  will  in¬ 
fluence  the  redox  buffering  capacity  of  the  cell, 
such  that  it  becomes  less  able  to  tolerate  the 


presence  of  oxidants.  When  mitochondrial  GSH 
is  also  eventually  depleted  (this  pool  is  signifi¬ 
cantly  more  resistant  to  depletion  compared  with 
the  cytosol)  energy  production  will  be  affected. 
The  cell  would  consequently  swell  and  undergo  a 
‘secondary  necrosis’.  Such  an  outcome  is  typical¬ 
ly  observed  in  cell  culture  studies  performed  in 
the  absence  of  phagocytes.  We  thus  propose  that 
one  function  of  a  GSH  depletion  during  apop¬ 
tosis  is  to  set  a  limit  on  how  long  the  apoptotic 
cell  can  persist  in  the  absence  of  phagocytosis. 
Development  of  this  hypothesis  will  require  us  to 
determine  whether  a  GSH  depletion  also  occurs 
when  cells  undergo  apoptosis  at  low  oxygen 
tension;  if  so,  then  it  will  imply  that  this  is  an 
oxidative  change  that  occurs  independent  of  a 
cell’s  capacity  to  produce  ROS. 
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Abstract 

Knowledge  about  the  mechanisms  that  regulate  the  expression  of  the  family  of  BCL-2  genes  and  the  biochemical 
characteristics  of  their  encoded  proteins  is  beginning  to  provide  new  insights  into  the  origins  of  cancer  and  our  all 
too  often  inability  to  adequately  treat  it.  With  better  understanding  of  the  functional  significance  of  these 
protein-protein  interactions  involving  Bcl-2,  Bax,  and  other  members  of  the  Bcl-2  protein  family  and  with  insights 
into  the  structural  details  of  these  interactions,  it  may  eventually  be  possible  to  develop  novel  pharmacological 
agents  that  improve  tumor  responses  to  currently  available  anticancer  drugs  and  that  have  other  clinically  relevant 
uses  as  well. 
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1.  Introduction 

The  BCL-2  gene  was  first  discovered  because 
of  its  involvement  in  the  t(14;18)  chromosomal 
translocations  found  in  most  follicular  non- 
Hodgkin’s  B-cell  lymphomas,  a  low-grade  neo¬ 
plasm  characterized  by  a  gradual  accumulation  of 
G0/Gj  —phase  mature  B  cells  which  arises  in 
~  20  000  new  patients  per  year  and  has  a  preval¬ 
ence  of  ~  150  000  cases  in  the  United  States 
population  alone  (reviewed  in  [1]).  BCL-2  con¬ 
tributes  to  neoplastic  cell  expansion  by  blocking 
apoptosis  caused  by  the  physiological  cell  death 
mechanisms  that  normally  help  to  maintain  cell 
numbers  at  homeostatic  levels  in  essentially  all 
tissues  with  self-renewal  capacity.  Since  its  initial 
discovery  in  lymphomas,  evidence  has  been  ob¬ 
tained  which  suggests  that  BCL-2  gene  expres¬ 
sion  becomes  dysregulated  in  a  wide  variety  of 
human  cancers,  probably  through  mechanisms 


that  involve  alterations  in  the  transacting  factors 
that  control  the  expression  of  this  anti-apoptotic 
gene  rather  than  because  of  gross  structural 
alterations  to  the  gene  such  as  the  chromosomal 
translocations  seen  in  lymphomas  (reviewed  in 
[2]).  In  addition  to  BCL-2 ,  several  homologous 
genes  have  been  discovered,  some  of  which  block 
cell  death  and  others  of  which  promote  apoptosis 
[1,2].  Knowledge  about  the  mechanisms  that 
regulate  the  expression  of  these  genes  and  the 
biochemical  characteristics  of  their  encoded  pro¬ 
teins  is  beginning  to  provide  new  insights  into  the 
origins  of  cancer  and  our  all  too  often  inability  to 
adequately  treat  it. 

2.  BCL-2  is  a  determinant  of  chemoresistance 

Essentially  all  currently  available  anticancer 
drugs,  as  well  as  y-radiation,  ultimately  kill 
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cancer  cells  by  triggering  apoptosis,  probably 
through  activation  at  least  in  part  of  the  same 
biochemical  pathways  normally  utilized  in  vivo 
for  control  of  cell  numbers  by  programmed  cell 
death.  Gene  transfer  experiments  have  demon¬ 
strated  that  elevated  levels  of  Bcl-2  protein  can 
protect  tumor  cells  from  induction  of  apoptosis 
by  a  wide  variety  of  chemotherapeutic  drugs  and 
radiation  [3,4].  Conversely,  antisense-mediated 
reductions  of  Bcl-2  protein  levels  can  render 
tumor  cells  more  sensitive  to  induction  of  apop¬ 
tosis  by  cytotoxic  anticancer  drugs  [5,6].  These 
observations,  as  well  as  the  results  of  several 
clinical-correlative  studies  where  Bcl-2  protein 
levels  in  tumor  specimens  were  correlated  with 
patient  responses  to  therapy,  have  suggested  that 
the  relative  levels  of  Bcl-2  can  be  an  important 
determinant  of  the  relative  sensitivity  or  resist¬ 
ance  of  cancer  cells  to  currently  available  thera¬ 
peutics. 

More  recently,  we  have  begun  to  analyze  the 
expression  of  other  members  of  the  BCL-2  gene 
family  in  human  cancers.  These  studies  suggest 
that  alterations  in  the  expression  of  other  mem¬ 
bers  of  this  multigene  family  can  occur  and  may 
be  associated  with  a  chemoresistant  phenotype  in 
some  circumstances.  For  example,  marked  reduc¬ 
tions  in  the  expression  of  the  pro-apoptotic  gene 
BAX  were  detected  by  immunohistochemical 
methods  in  approximately  one-third  of  adeno¬ 
carcinomas  of  the  breast.  In  a  cohort  of  ~  120 
patients  with  metastatic  disease,  reduced  BAX 
expression  correlated  with  poor  responses  to 
combination  chemotherapy,  faster  time  to  tumor 
progression,  and  shorter  overall  survival  [7]. 
Conversely,  striking  upregulation  of  the  levels  of 
the  anti-apoptotic  protein  Bcl-XL  have  been 
detected  in  drug-resistant  acute  myeloid 
leukemia  (AML)  cell  lines  [8,9]. 

3.  Mechanisms  of  regulating  BCL-2  family  gene 
expression:  the  p53  connection 

Overall,  relatively  little  is  known  about  the 
molecular  mechanisms  that  control  the  expres¬ 
sion  of  BCL-2 ,  BAX ,  and  other  members  of  the 
BCL-2  gene  family.  Recently,  however,  we  dem¬ 


onstrated  that  the  p53  tumor  suppressor  gene 
product  can  function  as  a  transcriptional  repres¬ 
sor  of  BCL-2  and  as  a  transcriptional  activator  of 
the  BAX  gene  [10-12].  For  example,  in  a  murine 
myeloblastic  leukemia  line  Ml  which  lacks  p53, 
conditional  restoration  of  p53  using  a  tem¬ 
perature-sensitive  mutant  resulted  in  a  rapid 
reduction  in  BCL-2  mRNA  levels  and  a  simulta¬ 
neous  elevation  in  BAX  mRNA  [10].  Tem¬ 
perature-dependent  restoration  of  p53  activity  in 
these  cells  also  resulted  in  apoptosis.  Using 
reporter  gene  assays  and  a  human  lung  cancer 
line  H358,  we  also  mapped  a  p53-dependent 
negative  response  element  (NRE)  in  the  human 
BCL-2  gene  to  an  ~  200-bp  segment  located  in 
the  5'-untranslated  region  (5'-UTR)  of  the  gene 
[11],  This  p53-dependent  NRE  functions  in  both 
a  position-  and  orientation-independent  fashion 
to  suppress  the  activity  of  heterologous  promot¬ 
ers  in  a  p53-dependent  manner,  suggesting  that  it 
has  properties  consistent  with  a  transcriptional 
silencer  element.  For  studies  of  BAX ,  we  cloned 
the  human  BAX  gene.  Sequencing  of  the  BAX 
promoter  region  revealed  the  presence  of  4  sites 
with  strong  homology  to  the  decameric  p53-bind- 
ing  site  consensus  sequence,  clustered  into  a 
region  of  39  bp  and  located  a  few  hundred  base 
pairs  upstream  of  the  TAT  A  A  box  and  principal 
transcription  initiation  site.  In  reporter  gene 
assays  using  B AX-CAT  constructs  and  a  variety 
of  p53-deficient  tumor  lines,  p53  strongly  trans- 
activated  transcription  via  an  ~  300-bp  BAX 
promoter  fragment  that  contained  the  putative 
p53  binding  sites  [12].  In  vitro,  recombinant  p53 
protein  bound  to  oligonucleotides  comprising  the 
39-bp  sequence  from  the  BAX  gene  that  con¬ 
tained  the  4  decameric  sequences  with  homology 
to  consensus  p53  binding  sites. 

To  explore  the  in  vivo  relevance  of  p53  for 
regulation  of  BCL-2  and  BAX  gene  expression, 
we  analyzed  the  relative  levels  of  the  Bcl-2  and 
Bax  proteins  in  a  wide  variety  of  tissues  using 
immunoblotting  and  immunohistochemical  as¬ 
says  [10].  Those  studies  revealed  marked  eleva¬ 
tions  in  Bcl-2  and  reductions  in  Bax  protein  in 
several  tissues,  but  not  in  most  organs  examined. 
Thus,  while  p53  represents  one  of  the  potential 
inputs  into  the  BCL-2  and  BAX  genes,  it  clearly 
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is  not  the  only  transacting  factor  that  influences 
the  expression  of  these  genes  and,  hence,  the 
relative  role  of  p53  in  controlling  Bcl-2  and  Bax 
protein  levels  is  highly  tissue-specific.  In  this 
regard,  more  recent  reporter  gene  analysis  of  the 
additional  segments  of  the  BAX  promoter  in  our 
laboratory  has  revealed  the  presence  of  negative 
regulatory  elements  that  substantially  impair  the 
ability  of  p53  to  transactivate  the  BAX  promoter 
(unpublished  data).  Furthermore,  we  have  ob¬ 
served  in  y-irradiated  mice  that  rapid  elevations 
in  Bax  protein  levels  occur  in  lymphoid  tissues 
and  small  intestinal  crypt  cells,  but  not  in  most 
other  tissues  [13].  Since  y-radiation  is  known  to 
induce  p53-dependent  elevations  in  p21-WAF-l 
in  nearly  all  tissues  [14],  whereas  y-radiation 
induces  BAX  only  in  a  subset  of  tissues,  these 
results  imply  that  p53  is  capable  of  transactivat¬ 
ing  BAX  only  in  some  tissues.  Interestingly,  the 
cell  types  in  which  radiation  induces  increases  in 
Bax  protein  levels  in  vivo  are  also  exquisitely 
radiosensitive  and  undergo  apoptosis  in  response 
to  radiation.  In  contrast,  the  tissues  in  which  Bax 
increases  are  not  induced  fail  to  experience  cell 
death  in  y-irradiated  animals  and  are  generally 
regarded  as  radioresistant.  Some  of  these  ob¬ 
servations  on  Bax  regulation  by  y-irradiation 
have  been  translated  to  human  tumor  lines  in 
vitro,  revealing  a  strong  correlation  between 
ability  of  y-irradiation  to  induce  Bax  and  stimu¬ 
late  apoptosis.  Tumor  lines  in  which  radiation 
did  not  induce  BAX  did  not  undergo  apoptosis 
but  did  experience  cell  cycle  arrest  and  were 
induced  to  express  21-WAF-l,  provided  that  p53 
was  wild-type  [15].  Taken  together,  these  ob¬ 
servations  suggest  that  the  ability  of  p53  to 
induce  increases  in  the  expression  of  BAX 
profoundly  influences  the  response  of  tumor  cells 
to  radiation,  and  determines  ultimately  whether 
the  outcome  will  be  cytotoxicity  versus  merely 
cytostasis. 

4.  Protein-protein  interactions  involving  the 
Bcl-2  family 

Many  members  of  the  Bcl-2  protein  family  are 
capable  of  directly  interacting  with  each  other 


through  a  network  of  homo-  and  heterodimers. 
The  Bcl-2  protein,  for  example,  can  homo- 
dimerize  with  itself,  and  heterodimerizes  with 
Bax,  Bcl-XL,  Bcl-Xs  and  Mcl-1  [16,17].  The 
functional  significance  of  most  of  these  protein- 
protein  interactions  remains  enigmatic  to  date. 
The  ability  of  Bcl-2  to  heterodimerize  with  Bax, 
however,  has  been  correlated  with  function  as  a 
suppressor  of  apoptosis,  in  as  much  as  mutants  of 
Bcl-2  that  fail  to  bind  to  Bax  but  which  are  still 
capable  of  binding  to  wild-type  Bcl-2  protein  are 
essentially  inactive  where  blocking  of  apoptosis  is 
concerned  [18].  On  the  other  hand,  some  mu¬ 
tants  of  Bcl-2  that  still  retain  the  ability  to  bind 
to  Bax  are  nevertheless  biologically  inactive, 
suggesting  that  perhaps  Bcl-2  must  perform  other 
functions  besides  heterodimerizing  with  Bax  in 
order  to  suppress  cell  death  [19].  In  this  regard, 
we  have  recently  shown  that  the  NH2-terminal 
first  82  amino  acids  of  Bcl-2  are  not  required  for 
binding  to  Bax  but  do  appear  to  be  necessary  for 
interactions  (either  directly  or  indirectly)  with 
other  Bcl-2  binding  proteins  such  as  BAG-1  and 
Raf-1,  both  of  which  have  been  shown  to  syner- 
gistically  cooperate  with  Bcl-2  in  suppressing 
apoptosis  [20,21].  With  better  understanding  of 
the  functional  significance  of  these  protein-pro¬ 
tein  interactions  involving  Bcl-2,  Bax,  and  other 
members  of  the  Bcl-2  protein  family  and  with 
insights  into  the  structural  details  of  these  inter¬ 
actions,  it  may  eventually  be  possible  to  develop 
novel  pharmacological  agents  that  improve 
tumor  responses  to  currently  available  anticancer 
drugs  and  that  have  other  clinically  relevant  uses 
as  well. 
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Abstract 

The  recent  explosion  of  knowledge  of  the  molecular  basis  of  regulation  of  growth  and  differentiation  has 
engendered  the  search  for  novel  anticancer  drugs  which  act  via  interference  with  cellular  signal  transduction 
pathways.  Among  the  agents  which  are  under  investigation  are  modulators  of  protein  kinases,  for  example 
quercetin  and  bryostatin  1.  Both  compounds  have  undergone  phase  1  clinical  evaluation.  The  major  dose-limiting 
toxicities  of  quercetin  and  bryostatin  are  nephrotoxicity  and  myalgia,  respectively.  Novel  analogs  of  the  microbial 
product  staurosporine,  a  potent  kinase  inhibitor,  possess  intriguing  specificities  for  different  kinases. 
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Conventional  chemotherapy  of  the  major  solid 
cancers  is  of  limited  success.  The  toxic  side 
effects  of  such  treatments  are  often  life-threaten¬ 
ing.  Conventional  cytotoxic  drugs  usually  inter¬ 
fere  with  DNA,  RNA  or  synthesis  of  structural 
proteins  and  affect  normally  proliferating  cells 
such  as  those  of  the  gut  and  bone  marrow.  The 
death  of  these  cells  is  a  side  effect  typical  of 
cytotoxic  therapy.  Therefore  potential  antipro¬ 
liferative  treatments  which  would  avoid  toxicities 
of  this  type  are  of  considerable  interest.  Among 
new  targets  currently  explored  for  cancer  teat- 
ment  are  oncogenes,  tumor  suppressor  genes, 
anti-apoptotic  and  mitogenic  signals.  Many  cel¬ 
lular  signal  transduction  pathways  are  altered  in 
malignant  tissues.  Therefore  agents  which  affect 
signalling  constitute  an  area  of  intense  research 
in  experimental  cancer  chemotherapy  [1].  Sig¬ 
nalling  pathways  from  cell  surface  receptors  to 
the  nucleus,  which  mediate  growth  stimuli,  in¬ 


volve  chains  of  intercommunicating  proteins, 
each  of  which  integrates  signals  from  upstream 
activators  and  passes  them  on  to  various  down¬ 
stream  targets  or  effector  proteins. 

It  is  safe  to  predict  that  in  a  few  years  time 
cell-permeable  peptides  and  therapeutic  genes 
will  enter  the  oncologists4  therapeutic  armamen¬ 
tarium,  but  undoubtedly  new  small  molecules 
will  also  play  a  significant  role,  particularly  as 
modulators  of  gene  transcription.  It  is  also  safe 
to  assume  that  these  novel  therapies  will  pose 
novel  toxicological  challenges.  It  is  the  aim  of 
this  presentation  to  focus  on  molecules  of  po¬ 
tential  clinical  interest  in  cancer  therapy  which 
modulate  cell  signalling.  The  legitimacy  of  target¬ 
ing  the  cellular  signalling  machinery  with  the  aim 
of  curing  a  specific  disease  has  been  highlighted 
by  the  immunosuppressant  agents  cyclosporine 
and  FK506  [2].  They  act  as  molecular  glue 
forming  a  complex  with  endogenous 
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cyclophylins.  This  complex  inhibits  the  phospha¬ 
tase  action  of  calcineurin,  an  important  effector 
in  T-cell  activation,  via  the  transcription  factor 
NF-AT.  Whilst  the  discovery  of  cyclosporine  and 
FK506  and  their  mechanism  of  action  was  for¬ 
tuitous,  it  nevertheless  illustrates  that  it  is  pos¬ 
sible  to  affect  a  specific  disease  by  targeting  cell 
signalling. 

1.  Agents  targeting  the  Ras  pathway 

The  signalling  pathway  which  leads  via  the 
protooncogene  product  Ras  (Fig.  1 )  is  a  plausible 
target  for  new  anticancer  drugs.  This  pathway  is 
central  to  growth  control  in  most  organisms.  Ras 
proteins  bind  guanine  nucleotides  and  function 
like  a  binary  ‘switch’.  In  the  ‘off  position  Ras 
binds  guanine  dinucleotide  phosphate  (GDP) 
and  sits  at  the  inner  surface  of  the  cell  mem¬ 
brane.  On  activation  it  sheds  GDP,  binds  guanine 
trinucleotide  phosphate  (GTP)  and  exists  for  a 
short  time  in  the  ‘on’  state,  releasing  a  pulse  of 
growth-stimulating  signals  into  the  cell.  The 
bound  GTP  is  rapidly  converted  to  GDP  by 
activation  of  the  Ras  protein‘s  intrinsic  GTPase 
activity.  The  Ras  signal  transduction  cascade 
starts  with  the  binding  of  a  growth  factor,  such  as 
epidermal  growth  factor  (EGF)  to  its  tyrosine 
kinase  receptor,  resulting  in  autophosphorylation 
of  the  receptor  tyrosine  residues.  The  principle 
target  downstream  of  Ras  is  the  Raf  protein, 
which  is  also  a  kinase  and  the  product  of  another 
oncogene.  Once  activated  Raf  phosphorylates  a 


Fig.  1.  The  Ras  signal  transduction  pathway.  MAPK, 
mitogen-activated  kinase;  MAPKK,  MAPK  kinase;  P,  phos¬ 
phate.  Question  mark  indicates  the  role  of  other,  as  yet 
poorly  defined,  kinases. 


second  kinase,  which  in  turn  controls  mitogen- 
activated  (MAP)  kinase.  Eventually  the  cascade 
leads  to  the  phosphorylation  of  transcription 
factors  which  interact  with  DNA  and  regulate 
the  expression  of  genes  pivotal  for  proliferation 
and  differentiation.  Mutations  which  render  Ras 
constitutively  active  have  been  found  in  a  wide 
variety  of  human  tumors.  A  post-translational 
modification  which  is  necessary  for  the  func¬ 
tioning  of  Ras  is  the  addition  of  a  farnesyl  moiety 
to  the  cysteine  residue  of  the  C-terminal  tetra- 
peptide  sequence.  Inhibitors  of  the  enzyme  pro¬ 
tein  farnesyltransferase  are  under  consideration 
as  potential  inhibitors  of  ray-dependent  trans¬ 
formation,  which  may  be  useful  in  the  treatment 
of  those  cancers  in  which  Ras  plays  a  role.  The 
tetrapetide  2(S)-{2(.S)-[2(/?)-amino-3-mercapto]- 
propylamino  -  3(5 )  -  methyl }  (pentyloxy  -  3  -  phenyl- 
propionylmethioninesulfone  methyl  ester  (L-739, 
749)  has  recently  been  reported  to  be  an  effec¬ 
tive  inhibitor  of  protein  farnesyltransferase  and 
of  the  growth  of  tumors  arising  from  ras’-trans- 
formed  cells  in  nude  mice  [3].  Specific  toxicities 
associated  with  treatment  with  this  type  of  agent 
are  as  yet  unknown. 

2.  Inhibitors  of  protein  tyrosine  kinases 

The  protein  products  of  many  proto-on¬ 
cogenes  are  protein  tyrosine  kinases,  and  the 
aberrant  expression  of  these  enzymes  is  associ¬ 
ated  with  some  human  tumors  [4].  Activity  of 
oncogenic  tyrosine  kinases  is  required  to  induce 
proliferation  and  to  elicit  and  maintain  a  trans¬ 
formed  cellular  phenotype.  Agents  capable  of 
interfering  with  this  sequence  of  events  are 
attractive  targets  for  the  treatment  of  prolifer¬ 
ative  diseases.  There  are  2  major  types  of 
tyrosine  kinases,  those  linked  to  a  growth  factor 
receptor  and  those  which  are  not.  A  variety  of 
chemicals  have  been  investigated  in  the  search 
for  small  molecule  inhibitors  of  this  process  and 
only  a  few  are  mentioned  here.  Prominent 
among  them  are  the  flavonoids,  a  group  of 
oxygen-containing  heterocyclic  molecules.  The 
plant  product  quercetin  is  shown  here  as  the 
representative  of  this  class  of  compound  (Fig. 
2A).  It  possesses  properties  of  interest  to  re- 
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Fig.  2.  Structures  of  inhibitors  of  protein  tyrosine  kinase.  (A) 
Quercitin;  (B)  erbstatin;  (C)  a  tyrphostin. 

search  workers  in  chemotherapy,  as  it  is  an 
anticarcinogen  [5]  and  sensitizes  human  lung 
tumors  grown  in  nude  mice  towards  ds-platinum 
[6].  Co-administration  with  platinum-type  drugs 
may  be  a  plausible  therapeutic  application  for 
this  agent.  Recently  quercetin  underwent  phase  I 
clinical  evaluation  in  cancer  patients  at  the 
Queen  Elizabeth  Hospital  in  Birmingham  (UK). 
Reversible  nephrotoxicity  was  the  dose-limiting 
toxicity  and  occurred  in  all  patients  who  received 
the  highest  dose  (1700  mg/m2;  Ferry,  Kerr  et  al., 
unpublished).  We  have  investigated  the  risk  of 
genotoxicity  associated  with  combining  quercetin 
with  cw-platinum.  In  the  bacterial  mutagenicity 
test  using  3  Salmonella  strains  mutagenicity  was 
not  increased  above  that  elicited  by  the  indi¬ 
vidual  components  on  their  own.  However  in  the 
unscheduled  DNA  synthesis  assay  in  rat  hepa- 
tocytes  quercetin  decreased  the  cis -platinum-in¬ 
duced  elevation  in  nuclear  grain  count  (Cross, 
Chipman,  Ferry  and  Gescher,  unpublished).  It 
remains  to  be  shown  whether  quercetin  elicits 
this  effect  via  decreasing  m-platinum-DNA  in¬ 
teraction  or  interfering  with  DNA  repair  activity. 

Tyrosine  kinase  inhibitors  of  the  flavonoid 
class  do  not  discriminate  between  enzyme  types, 
and  they  also  inhibit  other  threonine  and  serine 
kinases.  Another  group  of  inhibitors  possess  the 
styrene  moiety  within  their  structure.  The  micro¬ 
bial  product  erbstatin  (Fig.  2B)  is  particularly 
potent  against  the  tyrosine  kinase  associated  with 
the  EGF  receptor  [8].  Tyrphostins  comprise  the 
largest  and  best  studied  group  of  tyrosine  kinase 
inhibitors  [9].  They  are  characterized  by  the 
hydroxy-cinnamonitrile  pharmacophore.  Struc¬ 
ture  C  in  Fig.  2  is  an  example  of  a  ‘second 


generation’  tyrphostin  which  has  shown  en¬ 
couraging  antitumor  activity  in  nude  mice  [10]. 

3.  Modulators  of  protein  kinase  C  (PKC) 

PKC  is  a  ubiquitous  enzyme  family  which  is  a 
central  constituent  of  a  cascade  of  events  trig¬ 
gered  by  mitogens  and  hormones  via  receptors 
on  the  cell  surface  (Fig.  3).  It  is  involved  in  a 
plethora  of  physiological  responses,  including 
mitogenesis.  Receptor-ligand  interactions  induce 
the  activation  of  phospholipases,  which  catalyse 
the  hydrolysis  of  phosphatidylinositol  4,5-bis- 
phosphate.  This  hydrolysis  generates  the  second 
messengers  diacylglycerol  (DAG)  and  inositol 
1 ,4,5-trisphosphate  (IP3),  which  mobilizes  Ca2+ 
from  intracellular  stores  [11].  DAG  activates 
PKC  by  increasing  its  affinity  for  Ca2  +  .  Conse¬ 
quently  IP3-mediated  Ca2+  mobilization  and 
PKC  activation  are  often  synergistic  in  their 
effects.  There  are  alternative  routes  of  DAG 
production,  and  its  action  is  transient.  Sustained 
levels  of  DAG  and  thus  more  protracted  activa¬ 
tion  of  PKC  are  believed  to  be  mediated  by 
hydrolysis  of  phosphatidylcholine.  The  latter 
pathway  has  therefore  been  strongly  implicated 
in  mitogenic  events.  The  realization  that  PKC  is 
an  important  arbiter  of  the  regulation  of  cell 
proliferation,  differentiation  and  tumor  promo¬ 
tion  became  clear  in  the  wake  of  the  discovery 
that  tumor-promoting  phorbol  esters  can  substi¬ 
tute  for  DAG  in  the  activation  of  the  enzyme 
[12].  One  of  the  many  fascinating  features  of 
PKC  is  the  fact  that  it  is  a  family  of  at  least  12 


Fig.  3.  Signal  transduction  pathway  involving  PKC.  DAG, 
diacylglycerol;  IP3,  inositol  1,4,5-trisphosphate:  PC,  phospha¬ 
tidylcholine;  PIP2,  phosphatidylinositol  4,5-bisphosphatc; 
PLA2,  phospholipase  A2;  PLC,  phospholipase  C.  Question 
mark  indicates  the  role  of  other,  as  yet  poorly  defined, 
kinases. 
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distinct  isoenzymes.  Each  enzyme  can  be  placed 
in  1  of  3  groups,  characterized  by  differential 
requirements  for  activation  by  Ca2"  and  phos¬ 
pholipid  and  responsiveness  to  DAG  and  phor- 
bol  esters.  Many  putative  substrates  of  PKC  have 
been  described,  but  to  date  only  a  few  have  been 
characterized  as  being  of  physiological  impor¬ 
tance.  On  phosphorylation  they  precipitate  a 
cascade  of  further  phosphorylations,  eventually 
converging  on,  and  regulating  the  activity  of 
p34Cf  a  nuclear  protein  kinase,  which  steers  the 
cells  through  mitosis. 

Why  is  PKC  of  interest  to  cancer  pharmacol¬ 
ogists?  Its  function  is  altered  in  some  neoplasias, 
leading  to  uncontrolled  proliferation.  Such 
dysfunction  could  be  the  consequence  of  a  fault 
in  the  enzyme  itself  or  of  constitutive  activation 
or  repression  of  the  PKC  signalling  pathway  by 
aberrant  components  upstream  or  downstream 
from  PKC.  Some  experiments  suggest  that  over- 
or  underexpression  of  PKC  plays  a  role  in 
tumorigenesis,  depending  on  tissue  type.  For 
example,  PKC  activity  is  often  elevated  in  human 
breast  tumors  when  compared  to  adjacent  nor¬ 
mal  tissue,  and  in  human  malignant  glioma 
compared  to  non-neoplastic  tissue.  PKC 
isoforms-a,  -fi I,  -y  or  -e  mediate  various  growth 
abnormalities  indicative  of  incomplete  trans¬ 
formation  and  tumorigenicity  [13].  In  contrast,  in 
colon  tissue  PKC  has  been  implicated  as  posses¬ 
sing  tumor-suppressive  activity,  where  its  loss 
leads  to  the  development  of  a  carcinoma  [14]. 
Clearly  the  consequences  of  altered  PKC  are 
highly  dependent  on  the  nature  of  the  cell  type  in 
which  these  changes  occur,  a  conclusion  which 
has  to  be  considered  carefully  when  attempts  are 
made  to  unravel  the  role  of  PKC  in  transforma¬ 
tion.  PKC  has  also  been  proposed  to  influence 
the  metastatic  spread  of  tumors  and  the  develop¬ 
ment  of  resistance  against  anticancer  drugs. 

A  number  of  PKC  modulators  are  currently 
undergoing  clinical  evaluation  as  anticancer 
drugs,  or  are  in  preparation  for  clinical  trial.  The 
fact  that  not  only  inhibitors  but  also  an  activator 
are  among  them  seems  paradoxical,  but  its  re¬ 
flects  the  multi-faceted  and  complicated  nature 
of  the  role  of  PKC  in  cellular  processes.  Bryos- 
tatin  1  (Fig.  4D),  a  particularly  interesting  com- 


Ri,R2.=  H:  Stau  E 

Ri=  OH,  R2  =  H:  UCN  F 
R,=  H,  R2=  benzoyl:  CGP  G 

Fig.  4.  Structures  of  modulators  of  PKC.  (D)  Bryostatin  1; 
(E)  staurosporinc:  (F)  UCN-01;  (G)  COP  41251. 

pound,  is,  like  the  phorbol  esters,  a  potent  PKC 
activator.  It  is  one  of  17  macrocyclic  lactone 
derivatives  which  were  isolated  from  marine 
bryozoans  and  characterized  in  the  early  1970s 
by  G.R.  Pettit  and  coworkers  at  Arizona  State 
University.  Recent  clinical  trials  of  bryostatin  1 
have  been  initiated  on  the  bases  of  its  broad- 
spectrum  antineoplastic  activity  in  rodent  tumor 
models  in  vivo,  including  the  P388  lymphocytic 
leukaemia,  M5076  ovarian  sarcoma,  B16 
melanoma  and  L10A  lymphoma  [15].  Bryostatins 
are  also  immunomodulators;  they  activate  T 
cells,  augment  neutrophil  and  monocyte-medi¬ 
ated  cytotoxicity  and  stimulate  bone  marrow 
progenitor  cells.  The  paradoxical  nature  of  their 
biological  activity  is  puzzling.  In  many  cell  lines 
byrostatins  are  not  only  agonistic  with  tumor- 
promoting  phorbol  esters,  but  at  certain  con¬ 
centrations  also  able  to  antagonize  biochemical 
responses  elicited  by  themselves  or  by  phorbol 
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esters.  Relevant  to  the  prospective  use  of  bryos- 
tatin  1  in  the  clinic  is  the  finding  that,  unlike 
phorbol  esters,  it  lacks  tumor-promoting  prop¬ 
erties  in  the  Senear  mouse  model  and  actually 
inhibits  phorbol  ester-induced  tumor  promotion 
[16].  The  reasons  why  bryostatins  behave  differ¬ 
ently  from  phorbol  esters  despite  similar  effects 
on  PKC  are  unclear.  Two  phase  1  clinical  trials 
of  byrostatin  1  in  the  UK  [17,18]  have  shown 
that,  when  administered  as  a  bolus  infusion  via 
the  i.v.  route  for  1  h  once  a  week  for  3  weeks,  the 
observed  maximum  tolerated  dose,  between  25 
and  50  ^g/m“2,  is  extremely  low.  The  major 
toxicity  observed  was  an  impervious  myalgia,  but 
there  was  no  significant  myelosuppression,  apart 
from  a  small  and  transient  fall  in  platelet  count. 
Although  myalgia  is  an  unusual  toxicity  for  an 
antineoplastic  agent,  it  should  not  be  surprising 
to  find  that  an  investigational  drug  with  a  novel 
mechanism  of  action  displays  exotic  adverse 
effects. 

PKC  inhibitors  can  be  divided  into  2  broad 
classes:  those  which  inhibit  the  activity  of  the 
catalytic  domain,  competing  with  the  phosphate 
group  donor  ATP  or  the  substrate,  and  those 
which  target  the  regulatory  domain  of  the  en¬ 
zyme,  competing  with  cofactors.  The  microbial 
product  staurosporine  (Fig.  4E)  is  the  prototypi¬ 
cal  PKC  inhibitor.  It  interacts  with  the  kinase 
domain  of  PKC  with  high  potency,  but  because 
of  the  ATP-competitive  nature  of  its  inhibitory 
action  it  also  impedes  a  range  of  other  kinases, 
such  as  pp60v  src  tyrosine  kinase,  with  similar 
potency.  Drug  discovery  efforts  by  several  phar¬ 
maceutical  companies  have  yielded  staurosporine 
analogs  which  appear  to  be  more  selective  for 
PKC  whilst  retaining  high  enzyme-inhibitory 
potency.  Three  notable  examples  are  the  hy- 
droxylated  staurosporine  derivative  UCN-01 
(Fig.  4F)  developed  by  Kyowa  Hakko  in  Japan, 
the  N-benzoyl  derivative  CGP  41251  (Fig.  4G) 
from  Ciba  Geigy  in  Switzerland,  and  a  series  of 
bisindolylmaleimides  designed  by  Roche  UK  and 
Glaxo  France.  UCN-01  and  CGP  41251  possess 
activity  against  human  tumors  in  mice  and  are 
about  to  enter  clinical  trial. 

The  mechanisms  by  which  staurosporine  and 
its  analogs  mediate  their  cytostatic  effects  are 


unclear.  Recent  work  in  our  laboratory  has 
attempted  to  explore  these  mechanisms.  We 
compared  staurosporine  and  4  cogeners,  UCN- 
01,  CGP  41251  and  the  bisindolylmaleimides  RO 
31  8220  and  GF  109203X,  in  A549  and  MCF-7 
cells.  We  reported  that  RO  31  8220  and  GF 
109203X  are  much  less  potent  inhibitors  of  the 
growth  of  these  cells  than  staurosporine,  UCN-01 
and  CGP  41251,  whereas  all  5  compounds  were 
strong  inhibitors  of  the  PKC  contained  in  these 
cells,  with  IC50  values  of  below  100  nM  [19], 
More  recently  MCF-7  cells  with  acquired  resist¬ 
ance  to  doxorubicin  ( MCF-7 /Adr)  were  found  to 
be  resistant  towards  the  growth-arresting  prop¬ 
erties  of  RO  31  8220  and  UCN-01,  with  resist¬ 
ance  ratios  of  12.6  and  7.0,  respectively  (Bud- 
worth,  Malkhandi,  Ferry,  Gant  and  Gescher, 
submitted).  The  ratios  for  GF  109203X,  stauros¬ 
porine  and  CGP  41251  were  1.2,  2.0  and  2.9, 
respectively.  Reserpine,  which  modifies  multi¬ 
drug  resistance  mediated  by  P-glycoprotein 
(Pgp),  reversed  resistance  against  RO  31  8220 
and  UCN-01.  Staurosporine  and  CGP  41251  at 
10  and  20  nM,  respectively,  decreased  efflux  of 
the  Pgp  probe  rhodamine  123  from  MCF-7/Adr 
cells,  whereas  RO  31  8220  and  GF  109203X  at 
640  nM  were  inactive.  CGP  41251  was  the  most 
effective  and  GF  109203X  the  least  effective 
inhibitor  of  equilibrium  binding  of 
[3H]vinblastine  to  Pgp  of  MCF-7 /Adr  cells.  The 
results  of  these  studies  proffer  the  following 
conclusions: 

(i)  PKC  is  unlikely  to  play  a  direct  role  in  the 
growth  arrest  mediated  by  these  agents. 

(ii)  The  structure-activity  relationships  among 
the  staurosporine  analogs  which  govern  cyto¬ 
static  potency,  affinity  for  Pgp  and  susceptibility 
towards  Pgp-mediated  substrate  transport  are 
complex  and  do  not  correlate  with  ability  to 
inhibit  PKC. 

(iii)  The  kinase  inhibitors  appear  to  affect  Pgp 
directly  and  not  via  inhibition  of  PKC-modulated 
Pgp  phosphorylation. 

A  number  of  drugs  in  clinical  use,  such  as 
chlorpromazine,  adriamycin  and  suramin,  are 
moderately  effective  PKC  inhibitors.  One  of  the 
most  potent  of  them  is  tamoxifen.  It  inhibits 
PKC  at  the  regulatory  domain  at  clinically  effec- 
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tive  drug  concentration.  This  inhibition  might 
contribute,  at  least  in  part,  to  the  anti-breast 
cancer  activity  of  tamoxifen. 

4.  Conclusion 

The  recent  remarkable  progress  in  the  under¬ 
standing  of  signalling  pathways  has  generated 
considerable  excitement  among  researchers  in 
the  area  of  anticancer  drug  discovery.  One  has  to 
bear  in  mind  though  that  the  degree  of  redun¬ 
dancy  which  exists  within  kinase  pathways  might 
confound  the  usefulness  of  selective  modulators 
as  drugs.  For  example,  a  particular  PKC  iso¬ 
enzyme  might  substitute  for  another  one  when  it 
is  selectively  inhibited.  A  great  deal  remains  to 
be  discovered  about  the  way  in  which  antipro¬ 
liferative  modulators  of  signal  transduction  inter¬ 
act  in  vivo  with  the  plethora  of  kinases  which 
drive  cell  growth.  Novel  toxicides  may  confound 
therapeutic  gain.  Results  of  studies  addressing 
these  issues  should  eventually  help  to  exploit  our 
ability  to  influence  cellular  signalling  to  the 
benefit  of  patients.  Undoubtedly  the  clinical 
evaluation  of  agents  as  intriguing  as  quercetin, 
bryostatin  1  and  CGP  41251  will  contribute  to 
unravelling  the  enigma. 
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Abstract 

Our  previous  observations  on  the  toxic  effects  of  hydroxyurea  (HU)  in  adrenalectomized  (ADX)  rats  prompted 
us  to  suggest  that  these  effects  might  be  mediated  by  an  increased  synthesis  of  proinflammatory  cytokines.  This 
study  was  conducted  to  determine  whether  HU  stimulates  cytokine  gene  expression  in  vivo.  The  polymerase  chain 
reaction  (PCR)  technique  was  used  to  assess  levels  of  mRNA  for  interleukin-la  (IL-la),  tumor  necrosis  factor 
(TNF)  and  interleukin-4  (IL-4)  in  spleen  cells  from  intact  and  ADX  rats  treated  with  HU  or  vehicle.  In  ADX  rats, 
expression  of  proinflammatory-cytokine  mRNA  was  markedly  increased  by  HU,  but  no  expression  of  these  genes 
was  seen  in  intact  animals  after  treatment.  In  the  latter  rats,  cytokine-gene  expression  seemed  to  be  down-regulated 
by  HU-induced  elevations  in  plasma  corticosterone  levels,  since  IL-la  and  TNF  transcripts  could  be  detected  only 
after  corticosterone  levels  had  returned  to  normal  (24  h  after  treatment).  Interestingly,  IL-4  mRNA  could  not  be 
detected  in  either  treated  or  untreated  ADX  rats,  indicating  that  expression  of  this  gene  is  closely  related  to 
circulating  levels  of  corticosterone.  These  findings  strongly  suggest  that  the  increased  toxicity  displayed  by  HU  in 
ADX  animals  is  mediated  by  stimulation  of  cytokine  synthesis  in  vivo. 

Keywords:  Hydroxyurea;  Interleukin-1;  Interleukin-4;  Tumor  necrosis  factor;  Adrenal  glands  (rat) 


1.  Introduction 

In  a  previous  study  [1]  we  found  that  single  or 
repeated  administration  of  the  anticancer  drug, 
hydroxyurea  (HU)  causes  dose-dependent  ad¬ 
renal  activation  in  rats.  The  increased  secretion 
of  corticosterone  (B)  that  results  appeared  to 
protect  the  animals  from  the  toxic  effects  of  this 
drug,  which  were,  in  fact,  dramatically  enhanced 
in  adrenalectomized  (ADX)  or  hypophysectom- 
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ized  rats.  Treatment  of  ablated  rats  with  300-800 
mg /kg /day  p.o.  for  5  days  resulted  in  up  to  100% 
mortality  (caused  by  severe  cardiovascular  col¬ 
lapse  -  unpublished  observation). 

The  proinflammatory  cytokines,  such  as 
interleukin-1  (IL-1)  and  tumor  necrosis  factor 
(TNF),  also  activate  the  hypothalamo-pituitary- 
adrenal  axis  without  inducing  tolerance.  In  ADX 
animals,  the  toxic  effects  of  these  cytokines  are 
much  more  severe  and  include  an  endotoxic-like 
shock  [2]  that  resembles  that  of  ablated  rats 
treated  with  HU.  These  similarities  led  us  to 
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hypothesize  that  HU  toxicity  in  ADX  animals 
might  be  mediated  by  an  increase  in  the  synthesis 
of  proinflammatory  cytokines  [3].  HU  is  known 
to  potentiate  the  stimulatory  effect  of  bacterial 
lipopolysaccharide  on  IL-1  production  by 
myelomonocytic  cells  in  vitro  [4],  but  the  effect 
of  this  drug  on  in  vivo  cytokine  synthesis  has 
never  been  investigated. 

In  the  present  study,  intact  and  ADX  rats  were 
treated  with  HU,  mRNA  was  extracted  from 
spleen  cells  2  and  24  h  after  treatment,  and 
message  levels  for  IL-1  a,  TNF  and  interleukin-4 
(IL-4)  were  evaluated  using  the  polymerase 
chain  reaction  (PCR)  technique.  Plasma  B  levels 
were  also  measured  in  parallel  with  a  specific 
radioimmunoassay. 

2.  Materials  and  methods 

2.1.  Experimental  procedures 

Male  Wistar  rats  weighing  200  g  were  acclimat¬ 
ized  for  a  period  of  7  days  in  a  room  maintained 
at  a  temperature  of  23±1.5°C  with  a  relative 
humidity  of  65  ±  2% .  The  animals  were  exposed 
to  12  h  light  (06:00-18:00  h)  followed  by  12  h 
dark  and  had  free  access  to  food  pellets  and 
water.  Lumbar  adrenalectomy,  as  described  by 
Pomeau-Delille  [5],  was  performed  on  some  of 
the  rats.  These  animals  were  given  normal  saline 
instead  of  water  and  were  used  1  week  after 
surgery. 

On  the  day  of  the  experiment,  intact  and  ADX 
rats  were  treated  with  HU  800  mg  /kg  via  gastric 
gavage  and  decapitated  2  or  24  h  later.  Trunk 
blood  was  collected  for  plasma  B  assays.  The 
spleens  were  rapidly  dissected  and  kept  in  ice- 
cold  Earle’s  Balanced  Salt  Solution  (EBSS,  Sera- 
Lab  Ltd,  Crawley  Down,  Sussex,  UK)  containing 
penicillin  G  sodium  15  pglval  and  streptomycin 
sulphate  25  pgl ml  (both  from  Sigma  Chemical 
Co.,  St.  Louis,  MO).  The  spleens  were  processed 
for  mRNA  extraction  on  the  day  of  the  experi¬ 
ment. 

2.2.  RNA  preparation  and  detection  of  cytokine 
transcripts  by  PCR 

These  procedures  have  been  previously  de¬ 
scribed  in  detail  [6,7].  Briefly,  5  X  106  spleen  cells 


were  subjected  to  RNA  extraction  by  the 
guanidium  thiocyanate-phenol-chloroform  proce¬ 
dure.  Purified  total  RNA  was  incubated  with  0.5 
pig  oligo(dT)  (Pharmacia,  Uppsala,  Sweden)  for 
3  min  at  65°C  and  chilled  on  ice  for  5  min.  Each 
sample  was  then  incubated  for  2  h  at  42°C  after 
adding  20  U  RNAase  inhibitors  (Boehringer- 
Mannheim  Italia  Spa,  Milan,  Italy),  1.5  mM 
deoxynucleoside  triphosphates,  7.5  U  avian 
myeloblastosis  virus  reverse  transcriptase  (Boeh- 
ringer-Mannheim)  and  reverse  transcriptase  buf¬ 
fer  (50  mM  Tris-HCl,  pH  8.3,  8  mM  MgCL,  30 
mM  KC1  and  10  mM  DTT,  final  concentrations) 
in  a  final  volume  of  20  pi.  The  cDNA  was 
diluted  to  a  total  volume  of  75  pi  with  TE  buffer 
(10  mM  Tris-HCl,  1  mM  EDTA,  pH  8.0)  and 
frozen  at  -20°C  until  use. 

Amplification  of  synthesized  DNA  was  carried 
out  using  IL-la  (5'-ATG  GCC  AAA  GTT  CCT 
GAC  TTG  TTT-3'  and  5'-C  CTT  CAG  CAA 
CAC  AGG  CTT  GTC  T-3'),  TNFa  (5'-ATG 
AGC  ACG  GAA  AGC  ATG  ATC  CGA-3'  and 
5'-CC  AAA  GTA  GAC  CTG  CCC  GGA  CTC- 
3'),  IL-4  (5'-ATG  GGT  CTC  AAC  CCC  CAC 
CTT  GC-3'  and  5'-GAC  TAA  CTC  AGC  CTC 
CAC  GAA  GTA-3'),  or  /3~ actin  specific  5'  sense 
and  3'  antisense  primers.  Briefly,  1-5  pi  cDNA 
was  added  to  a  reaction  mixture  containing  50 
mM  KCI,  10  mM  Tris-HCl  (pH  8.3),  3.0  mM 
MgCl2,  0.01%  gelatin,  0.2  deoxynucleoside  tri¬ 
phosphates,  1  yuM  of  each  primer  and  0.5  U 
AmpliTaq  polymerase  (Perkin-Elmer  Corp., 
Hayward,  CA).  Each  20 -pi  sample  was  over- 
layed  with  25  pi  mineral  oil  (Sigma  Chemical 
Co.,  St.  Louis,  MO)  and  incubated  in  a  DNA 
Thermal  Cycler  480  (Perkin-Elmer  Corp.)  for  a 
total  of  30  cycles:  1  min  at  94°C,  1  min  at  67°C  or 
60°C  (yS-actin),  and  1  min  at  72°C.  The  amplified 
DNA  size,  as  compared  to  a  positive  control,  was 
625  bp  for  IL-1  a,  692  bp  for  TNFa,  398  bp  for 
IL-4,  and  540  bp  for  /3-actin.  The  /3-actin  primers 
were  used  as  a  control  for  both  reverse  transcrip¬ 
tion  and  the  PCR  reaction  itself,  and  also  for 
comparing  the  amount  of  products  from  samples 
obtained  with  the  same  primer.  The  PCR  frag¬ 
ments  were  analyzed  by  1.5%  agarose  gel  elec¬ 
trophoresis  and  visualized  by  ethidium  bromide 
staining.  PCR-assisted  mRNA  amplification  was 
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repeated  at  least  twice  for  at  least  2  separately 
prepared  cDNA  samples  for  each  experiment. 
Data  are  representative  of  at  least  2  different 
experiments.  Under  the  employed  conditions, 
control  samples  from  naive  rats  showed,  as  a 
rule,  no  background  cytokine  mRNA  levels,  so 
that  the  magnitude  of  the  response  to  treatment 
could  be  easily  demonstrated. 

2.3.  Radioimmunoassay  for  plasma 
corticosterone 

This  technique  has  been  described  in  detail 
elsewhere  [1]. 

3.  Results 


controls.  Plasma  B  levels  and  transcripts  of  both 
cytokines  had  returned  to  control  levels  24  h 
after  administration  of  HU  (Figs.  1  and  2). 

Plasma  B  was  almost  undetectable  in  all  of  the 
ADX  animals  with  the  exception  of  one  whose 
adrenalectomy  had  probably  been  incomplete. 
Ablated  animals  treated  with  vehicle  presented 
basal  expression  of  mRNA  for  IL-la  and  TNF. 
In  contrast  to  that  observed  in  intact  animals, 
HU  treatment  of  these  rats  markedly  enhanced 
the  expression  of  TNF  mRNA  and,  to  a  lesser 
extent,  that  for  IL-la.  The  effect  of  the  drug  on 
cytokine  gene  expression  in  ADX  rats  was  al¬ 
ready  significant  2  h  after  oral  treatment,  and 
was  no  longer  evident  24  h  later  (Figs.  1  and  2). 


3.1.  Proinflammatory  cytokines 

Weak  expression  of  IL-la  and  TNF  mRNAs 
was  detected  in  specimens  from  intact  rats 
treated  with  vehicle.  HU  treatment  of  intact 
animals  completely  abolished  this  expression  and 
also  caused  a  significant  increase  in  plasma  B 
levels,  as  compared  to  those  found  in  untreated 


3.2.  IL-4 

While  the  pattern  of  expression  of  mRNA  for 
IL-la  and  TNF  appeared  to  be  related  to  both 
HU  treatment  and  plasma  B  levels,  that  for  IL-4 
seemed  to  be  directly  related  only  to  the  latter 
parameter.  Basal  IL-4  mRNA  expression  was 
detected  in  intact  control  rats,  and  transcript 
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Fig.  1.  Upper  panel:  IL-la  mRNA  expression  in  spleen  cells  from  HU-treated  rats,  as  revealed  by  PCR  (normalized  to  0-actin, 
not  shown).  RNA  was  isolated  from  intact  or  ADX  rats  treated  with  vehicle  (C)  or  HU  2  or  24  h  earlier,  and  the  resulting  cDNA 
was  used  in  the  PCR  with  IL- la-specific  primers.  After  amplification,  10  /d  of  the  reaction  mix  was  removed,  analyzed  by  1.5% 
agarose  gel  electrophoresis  and  visualized  by  ethidium  bromide  staining.  Lower  panel :  plasma  corticosterone  levels  found  in  the 
same  rats.  Each  experimental  group  consisted  of  4  rats  assayed  individually. 
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Fig.  2.  Upper  panel :  TNF  mRNA  expression  in  spleen  cells  from  HU-treated  rats  revealed  by  PCR.  Lower  panel  plasma 
corticosterone  levels.  See  also  legend  to  Fig.  1. 

levels  (as  well  as  plasma  B  levels)  were  sig-  exception  of  the  one  with  detectable  plasma  B 

mficantly  increased  by  HU.  No  IL-4  message  was  levels  described  above),  regardless  of  whether  or 

expressed  in  any  of  the  ADX  rats  (with  the  not  they  had  been  treated  with  HU  (Fig.  3). 
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Fig.  3.  Upper  panel:  IL-4  mRNA  expression  in  spleen  cells  from  HU-treaied  rats  revealed  bv  PCR.  Loner  panel-  nlasma 
corticosterone  levels.  See  also  legend  to  Fig.  1.  '  F 
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4.  Discussion 

Our  data  show  that,  in  the  absence  of  endog¬ 
enous  glucocorticoids,  HU  stimulates  the  in  vivo 
expression  of  genes  coding  the  proinflammatory 
cytokines  IL-la  and  TNF.  Although  these  find¬ 
ings  must  be  confirmed  by  the  demonstration  of 
increased  cytokine  synthesis,  they  strongly  sug¬ 
gest  that  the  increased  HU  toxicity  observed  in 
ADX  animals  may  be  mediated  by  proinflam¬ 
matory  cytokines. 

The  mechanisms  by  which  this  drug  increases 
gene  expression  for  these  cytokines  is  still  un¬ 
clear.  The  primary  effect  of  HU  on  cell  metabo¬ 
lism  is  an  inhibition  of  ribonucleoside  reductase, 
which  leads  to  a  reduction  in  DNA  synthesis  and, 
as  a  result,  changes  in  cell-cycle  kinetics  that 
might  account  for  the  altered  gene  expression  we 
observed.  This  mechanism  does  not,  however, 
explain  why  only  proinflammatory  cytokines  are 
stimulated,  while  others  (e.g.  IL-4)  are  unaffect¬ 
ed  by  the  drug. 

A  highly  interesting  and  unprecedented  ob¬ 
servation  that  emerged  from  this  study  (although 
not  directly  related  to  the  effects  of  HU)  was 
that  of  the  in  vivo  induction  of  IL-4  mRNA  by 
glucocorticoids.  IL-4  is  known  to  exert  antiin¬ 
flammatory  effects  that  are  mediated,  at  least  in 
part,  by  the  inhibition  of  gene  expression  and 
release  of  proinflammatory  cytokines  [8,9].  If  our 
findings  can  be  confirmed  in  specific  studies, 
another  element  might  be  added  to  the  long  list 
of  mechanisms  through  which  glucocorticoids 
exert  their  antiinflammatory  effects. 

In  conclusion,  the  results  of  the  present  study 
strengthen  our  hypothesis  that  the  enhanced 
toxicity  of  HU  seen  in  ADX  rats  is  mediated  by 
proinflammatory  cytokines.  Adrenal  steroids  ap¬ 
pear  to  protect  intact  animals  against  these 


effects  in  at  least  2  ways:  (1)  by  direct  inhibition 
of  IL-la  and  TNF  gene  expression;  and  (2)  by 
induction  of  the  antiinflammatory  cytokine  IL-4. 
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Abstract 

Mammalian  cells  have  evolved  elaborate  mechanisms  for  protection  against  the  toxic  and  neoplastic  effects  of 
electrophilic  metabolites  of  carcinogens  and  reactive  oxygen  species.  Phase  2  enzymes  (e.g.  glutathione  transferase, 
NAD(P)H:quinone  reductase,  UDP-glucuronosyltransferases)  and  high  intracellular  levels  of  glutathione  play  a 
prominent  role  in  providing  such  protection.  Phase  2  enzymes  are  transcriptionally  induced  by  low  concentrations 
of  a  wide  variety  of  chemical  agents  and  such  induction  blocks  chemical  carcinogenesis.  The  inducers  belong  to 
many  chemical  classes  including  phenolic  antioxidants,  Michael  reaction  acceptors,  isothiocyanates,  l,2-dithiole-3- 
thiones,  trivalent  arsenicals,  HgCl2  and  organomercurials,  hydroperoxides,  and  vicinal  dimercaptans.  Induction  by 
all  classes  of  inducers  involves  the  antioxidant /electrophile  response  element  (ARE/EpRE).  Inducers  are  widely, 
but  unequally,  distributed  among  edible  plants.  Search  for  such  inducer  activity  in  broccoli  led  to  the  isolation  of 
sulforaphane,  an  isothiocyanate  that  is  a  very  potent  Phase  2  enzyme  inducer  and  blocks  mammary  tumor 
formation  in  rats. 

Keywords :  Glutathione  transferases;  Quinone  reductase;  Vegetables;  Antioxidant  response  element  (ARE); 
Electrophile  response  element  (EpRE) 


1.  Introduction 

The  initiation  of  many  tumors  results  from 
damage  to  DNA  by  electrophilic  carcinogen 
metabolites,  or  by  reactive  oxygen  species  that 
arise  during  carcinogen  metabolism  or  endogen¬ 
ous  cellular  processes.  Mammalian  cells  have 
evolved  multiple  and  elaborate  mechanisms  for 
protection  against  such  toxic  insults.  Phase  2 
enzymes  (e.g.  glutathione  transferases  (GST), 
NAD(P)H:quinone  reductase  (QR),  epoxide  hy¬ 
drolase,  glucuronosyltransferases,  aldehyde  re- 
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ductase,  and  others)  and  high  cellular  levels  of 
glutathione  are  the  primary  lines  of  defense 
against  these  reactive  chemical  species.  These 
protective  mechanisms  disarm  and  facilitate  the 
disposal  of  reactive  electrophiles  and  oxygen 
species.  Much  recent  evidence  indicates  that 
elevation  of  Phase  2  enzymes  and  of  glutathione 
levels  by  inducers  results  in  protection  against 
chemical  carcinogens.  Indeed,  modulation  of  the 
metabolism  of  carcinogens  is  one  of  the  most 
effective  and  well-established  strategies  for 
protecting  animals  and  their  cells  against  the 
toxic  and  neoplastic  effects  of  carcinogens. 

Phase  2  enzymes  are  transcriptionally  reg- 
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ulated  in  animal  cells  by  low  concentrations  of  a 
wide  variety  of  chemical  agents,  many  of  which 
are  already  present  in  the  human  diet  [1—3]. 
Consequently,  specific  modification  of  the  human 
diet  to  increase  the  consumption  of  phytochemi¬ 
cals  that  induce  Phase  2  enzymes  is  an  attractive, 
safe,  and  promising  strategy  for  decreasing  the 
risk  of  developing  cancer.  Implementation  of  this 
strategy  requires:  (a)  identification  of  effective 
inducers  and  determination  of  their  inducer 
potencies;  (b)  elucidation  of  the  chemistry  and 
molecular  mechanisms  of  action  of  inducers;  (c) 
identification  of  edible  plants  rich  in  inducer 
activity;  (d)  demonstration  that  such  plants  can 
raise  Phase  2  enzymes  when  administered  to 
animals  and  to  humans;  (e)  trials  in  humans  with 
short-term  surrogate  biomarkers  for  the 
protected  state;  and  (f)  ultimate  demonstration 
of  risk  reduction  in  human  populations  at  high 
risk  of  developing  cancer.  This  brief  account 
reviews  progress  in  achieving  these  objectives. 

2.  Detection  and  identification  of  Phase  2 
enzyme  inducers  and  measurement  of  their 
potencies 

Since  Phase  2  enzymes  are  generally  induced 
coordinately  in  many  tissues  and  in  cells  in 
culture,  we  have  selected  a  single  enzyme  as  a 
marker  for  induction.  Quinone  reductase  (QR)  is 
a  convenient  representative  enzyme  because  it  is 
widely  distributed  in  mammalian  tissues,  is  easily 
measured,  and  shows  a  large  inducer  response 
(as  much  as  10-  to  12-fold  in  some  tissues)  [4].  A 
highly  suitable  and  robust  cell  line  for  studying 
induction  of  this  enzyme  is  the  Hepa  lclc7 
murine  hepatoma  line  [1].  Measurement  of  QR 
activity  directly  (by  a  coupled  tetrazolium  dye 
assay)  on  digitonin  extracts  of  cells  grown  in 
96-well  microtiter  plates  and  exposed  to  serial 
dilutions  of  the  inducer  (a  single  chemical  com¬ 
pound,  a  mixture,  or  a  plant  extract)  provides  an 
accurate  assessment  of  inducer  activity  [5,6].  The 
specific  activity  of  the  enzyme  can  then  be 
obtained  by  relating  the  activity  to  cell  mass  or 
protein  concentration.  A  convenient  index  of 
inducer  potency  is  the  concentration  required  to 


double  (CD)  the  specific  activity  of  QR.  Inducers 
vary  enormously  in  potency,  with  CD  values 
ranging  from  low  nanomolar  to  high  millimolar 
concentrations. 

The  availability  of  mutant  Hepa  lclc7  cells 
that  are  defective  in  cytochrome  P-450  activity  or 
in  Aryl  hydrocarbon  (Ah)  receptor  function 
provides  the  means  for  distinguishing  monofunc¬ 
tional  inducers  (that  elevate  Phase  2  enzymes 
selectively)  from  bifunctional  inducers  (that  up- 
regulate  both  Phase  1  and  Phase  2  enzymes) 
[7,8].  This  distinction  is  important  because  some 
cytochromes  P-450  (e.g.  1A1  and  1A2)  are  in¬ 
volved  in  activation  of  carcinogens,  whereas 
Phase  2  enzymes  mostly  catalyze  detoxication 
reactions.  Monofunctional  inducers  are  therefore 
preferred  as  agents  for  achieving  chemoprotec- 
tion  in  humans. 


3.  The  chemistry  of  inducers 

The  development  of  detailed  understanding  of 
the  chemical  requirements  for  inducer  activity 
has  been  a  continuing  effort  in  our  laboratory 
since  the  demonstration  that  phenolic  antioxid¬ 
ants  exerted  their  major  chemoprotective  activity 
by  virtue  of  the  induction  of  glutathione  transfer¬ 
ases  and  other  Phase  2  enzymes  [9,10].  The  first 
insight  into  the  chemistry  of  inducers  was  ob¬ 
tained  from  studies  of  structural  analogues  of 
BHA  [11],  a  chemoprotective  antioxidant  that  is 
widely  used  as  a  food  additive.  These  studies 
pointed  to  tert-butylhydroquinone,  a  metabolite 
of  BHA,  as  probably  the  active  species  respon¬ 
sible  for  the  inducer  activity  of  BHA. 

Major  information  on  the  chemistry  of  induc¬ 
ers  was  obtained  from  studies  of  analogues  of 
terf-butylhydroquinone  in  which  the  orientation 
of  the  diphenolic  hydroxyl  groups  was  changed 
from  1,4-diphenols  to  1,2-  or  1,3-diphenols.  The 
results  were  clear-cut:  only  the  1,2-diphenols 
(catechols)  or  the  1,4-diphenols  (hydroquinones) 
were  inducers,  whereas  the  1,3-diphenols  (re¬ 
sorcinols)  were  inactive,  and  the  presence  or 
absence  of  other  ring  substituents  was  relatively 
unimportant  in  specifying  inducer  activity  [12]. 
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These  results  clearly  implicated  redox  lability  in 
inducer  function,  since  catechols  and  hydro- 
quinones  can  be  readily  oxidized  to  the  corre¬ 
sponding  quinones,  whereas  resorcinols  cannot 
undergo  such  conversions.  These  experiments 
did  not,  however,  reveal  whether  the  quinone 
products  or  the  redox  process  itself  (perhaps  the 
reactive  oxygen  species  generated)  was  respon¬ 
sible  for  induction.  This  issue  was  resolved  by  the 
finding  that  many  highly  electrophilic  Michael 
reaction  acceptors  (olefins  or  acetylenes  conju¬ 
gated  to  electron-withdrawing  groups)  were  in¬ 
ducers,  and  that  their  potency  generally  paral¬ 
leled  their  reactivity  in  the  Michael  reaction  [2]. 
Since  quinones  are  excellent  Michael  reaction 
acceptors,  the  inducer  activity  of  1,2-  and  1,4- 
diphenols  is  therefore  dependent  upon  their 
oxidation  to  quinones. 

The  chemistry  of  inducers  was  subsequently 
greatly  expanded  [13,14]  with  the  observation 
that,  in  addition  to  oxidizable  diphenols  (and 
corresponding  phenylenediamines)  and  Michael 
reaction  acceptors,  the  following  classes  of 
compounds  are  also  efficient  inducers:  iso¬ 
thiocyanates,  l,2-dithiole-3-thiones,  trivalent 
arsenicals,  mercury(II)  salts  and  organic  mercuri¬ 
als,  and  hydroperoxides.  These  inducers  share 
almost  no  structural  similarities  (in  the  sense  of 
complementarity  to  a  receptor),  but  are  all  elec¬ 
trophiles,  capable  of  reacting  with  sulfhydryl 
groups.  These  findings  suggested  that  the  sig¬ 
naling  of  induction  involves  a  primary  interaction 
with  a  highly  reactive  sulfhydryl  group,  or  pos¬ 
sibly  two  vicinal  sulfhydryl  groups,  since  trivalent 
(but  not  pentavalent)  arsenicals  are  excellent 
inducers.  It  was  therefore  somewhat  surprising 
that  several  compounds  carrying  vicinal  sulf¬ 
hydryl  groups  (e.g.  2, 3-dimercapto-l -propanol 
(BAL)),  but  not  monothiols,  were  also  efficient 
inducers  [13,14].  Although  these  compounds  are 
nucleophiles  rather  than  electrophiles,  they  can, 
like  all  other  inducers,  modify  sulfhydryl  groups 
by  redox  reactions.  We  conclude  that  the  follow¬ 
ing  general  properties  characterize  all  known 
inducers:  (a)  most  are  electrophiles  (including 
quinones  and  Michael  reaction  acceptors);  (b)  all 
react  with  sulfhydryl  groups  by  virtue  of  their 
electrophilicity,  or  by  participating  in  redox  reac¬ 


tions;  and  (c)  most  inducers  are  substrates  for 
glutathione  transferases  [15]. 


4  Presence  of  Phase  2  enzyme  inducers  in 
edible  plants 

The  extensive  evidence  that  increased  con¬ 
sumption  of  fruit  and  vegetables  is  associated 
with  reduced  risk  to  developing  cancer  [16], 
naturally  raised  the  issue  whether  at  least  some 
of  these  effects  might  be  due  to  the  presence  of 
Phase  2  enzyme  inducers  in  edible  plants.  When 
the  inducer  potencies  of  organic  solvent  extracts 
of  a  variety  of  commonly-consumed  plants  were 
measured,  there  were  marked  differences  de¬ 
pending  on  genus,  species,  and  even  variety  [6]. 
Cruciferous  plants  (e.g.  broccoli,  cabbage,  cauli¬ 
flower,  kale)  were  particularly  rich  sources  of 
inducer  activity.  We  selected  broccoli  for  detailed 
study  because  extracts  tended  to  have  high 
inducer  activity  and  broccoli  was  already  con¬ 
sumed  in  substantial  quantities  in  the  Western 
world.  One  cultivar  of  broccoli  (SAGA)  was 
particularly  rich  in  inducer  activity.  Reverse 
phase  HPLC  and  other  forms  of  chromatography 
showed  that  the  majority  of  the  inducer  activity 
of  Saga  broccoli  was  attributable  to  a  single 
compound,  an  isothiocyanate:  sulforaphane 
(CH3-S(0)-(CH2)4-N=C=S)  [17].  Sulforaphane, 
which  had  been  previously  isolated  from  cabbage 
[18]  and  had  also  been  synthesized  [19],  was 
found  to  be  an  exceedingly  potent  QR  inducer  in 
murine  hepatoma  cells;  indeed  it  is  the  most 
potent  naturally  occurring  inducer  so  far  iden¬ 
tified.  When  fed  to  mice,  sulforaphane  induced 
both  QR  and  glutathione  transferases  in  several 
tissues  [17]. 

Analogues  of  sulforaphane  that  differ  in  the 
state  of  oxidation  of  the  methylthio  group  and 
the  length  of  the  methylene  bridge,  i.e. 
CH3S(0)w  (CH2)„N-C>S,  where  m  =  0,  1,  or  2 
and  n  =  3,  4  or  5,  were  prepared  and  tested  for 
inducer  activity  in  murine  hepatoma  cells  [17]. 
Sulforaphane  was  the  most  potent  inducer.  The 
sulfoxides  and  the  sulfones  were  more  potent 
than  the  sulfides,  and  the  compounds  with  four 
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or  five  methylene  groups  were  more  potent  than 
those  with  only  three  methylene  groups. 

The  methyl  sulfinyl  function  of  sulforaphane 
was  very  important  for  inducer  activity  since 
n-hexyl-N=C=S  was  a  much  weaker  inducer  than 
sulforaphane  [20].  Interestingly,  the  methyl  sul¬ 
finyl  group  (CH3SO-)  could  be  replaced  by  an 
acetyl  group  (CH.CO)  without  changing  the 
inducer  activity  significantly.  Consequently  a 
number  of  cyclic  analogues  were  designed  in 
which  the  distance  between  the  CH.CO-  and  the 
-NCS  groups  was  varied.  Among  the  most  potent 
inducers  were  certain  acetylnorbornyl-NCS  ana¬ 
logues,  some  of  which  were  comparable  in  in¬ 
ducer  potency  to  sulforaphane  [20]. 

Although  the  majority  of  the  inducer  activity 
of  extracts  of  SAGA  broccoli  was  attributable  to 
sulforaphane,  we  have  shown  recently  that  such 
extracts  also  contain  lesser  quantities  of  erucin 
(the  sulfide  analogue).  Since  erucin  has  only 
about  one-sixth  the  inducer  potency  of  sul¬ 
foraphane,  it  makes  only  a  minor  contribution  to 
the  total  inducer  activity  of  SAGA  broccoli 
extracts.  In  connection  with  our  conclusion  that 
sulforaphane  is  the  principal  Phase  2  enzyme 
inducer  of  SAGA  broccoli  extracts,  we  now 
realize  that  the  conditions  of  isolation  of  sul¬ 
foraphane  involved  the  preparation  of  aqueous 
homogenates  of  broccoli  that  were  then  lyophil- 
ized  [17].  More  recent  experiments  indicate  that 
these  conditions  were  favorable  for  hydrolysis  of 
glucoraphanin  (the  glucosinolate  precursor  of 
sulforaphane)  by  the  coexisting  thioglucosidase, 
myrosinase.  It  is  therefore  very  likely  that  in  the 
intact  plant  a  significant  proportion  of  the  iso¬ 
lated  sulforaphane  exists  as  its  glucosinolate. 

5.  Antitumor  effects  of  sulforaphane 

Sulforaphane  and  its  norbornyl-NCS  ana¬ 
logues  were  tested  in  the  single  dose  DMBA 
(7,12-dimethylbenzanthracene)  mammary  tumor 
model  in  Sprague-Dawley  rats  [21].  The 
chemoprotectors  were  administered  by  gavage 
for  3  days  before  the  DMBA,  on  the  day  of 
carcinogen  treatment,  and  on  the  following  day. 
Under  these  circumstances,  there  was  a  substan¬ 


tial,  dose-dependent  reduction  in  the  incidence 
of  mammary  tumors  that  developed.  In  addition, 
there  was  a  reduction  in  both  the  multiplicity 
(number  of  tumors  per  rat)  and  the  size  of  the 
tumors,  and  tumor  appearance  was  delayed. 
Sulforaphane  and  one  of  the  acetylnorbornyl 
isothiocyanates  were  of  similar  potencies  in  their 
ability  to  block  tumor  development. 

The  observation  of  antitumor  effects  of  sul¬ 
foraphane  and  its  analogues  was  not  altogether 
surprising,  because  such  properties  had  already 
been  recognized  in  other  isothiocyanates  [22]. 
However,  the  finding  of  the  high  inducer  and 
anticarcinogenic  properties  of  sulforaphane  en¬ 
couraged  us  to  undertake  a  systematic  search  for 
anticarcinogenic  enzyme  inducers  in  edible 
plants.  The  results  confirmed  the  validity  of  the 
strategy  of  searching  for  naturally-occurring 
chemoprotectors  in  plants  (and  designing  ana¬ 
logues)  based  on  monitoring  inducer  potency.  We 
are  aware  of  only  three  prior  examples  of  this 
approach:  the  prediction  of  the  tumor  blocking 
activity  of  a  l,2-dithiole-3-thione  (oltipraz) 
[23,24],  isolation  of  two  terpenoids  from  green 
coffee  beans  [25];  and  the  demonstration  of  the 
blocking  activity  of  the  Michael  acceptor  di¬ 
methyl  fumarate  on  hepatic  tumor  formation  in 
Av>/A  mice  (Y.  Zhang  and  P.  Talalay,  unpub¬ 
lished  observations). 

6.  Molecular  mechanisms  of  the  regulation  of 
Phase  2  enzyme  induction 

The  rational  development  of  more  effective 
chemoprotective  Phase  2  enzyme  inducers  would 
be  greatly  facilitated  by  a  detailed  understanding 
of  the  molecular  mechanisms  underlying  the 
regulation  of  these  enzymes.  As  noted  above,  the 
inducers  belong  to  at  least  eight  different  chemi¬ 
cal  families  that  have  few  common  characteristics 
apart  from  their  electrophilic  reactivity  and  their 
ability  to  interact  with  sulfhydryl  groups  either 
by  nucleophilic  substitution  or  oxidoreductions. 
The  proposal  that  a  primary  covalent  interaction 
with  sulfhydryl  groups  of  a  ‘target’  protein  gener¬ 
ates  the  signal  for  induction  is  supported  not  only 
by  the  propensity  of  all  inducers  to  react  with 
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sulfhydryl  groups,  but  also  by  the  finding  that 
inducer  potency  is  related  to  avidity  for  sulf¬ 
hydryl  groups.  This  is  illustrated  by  the  general 
correlation  between  inducer  potency  and  the 
reactivity  of  inducers  in  the  Michael  reaction  [2]. 
Furthermore,  inducer  potency  of  a  series  of 
heavy  metals  correlates  with  their  affinity  for 
sulfhydryl  groups,  i.e.  Hg2+  >  Cdi+  >  Zn  +  [26]. 
The  exceptionally  high  inducer  potency  of  tri- 
valent  arsenicals  strongly  suggests  that  vicinal 
sulfhydryl  groups  that  can  form  cyclic  thioarse- 
nites  may  be  involved  in  the  inducer  signalling.  If 
we  postulate  that  all  inducers  must  interact  with 
an  intracellular  ‘target  protein’  in  order  to 
initiate  the  events  resulting  in  enhanced  tran¬ 
scription,  it  seems  likely  that  the  cognate  sulf¬ 
hydryl  group(s)  on  this  protein  must  be  extreme¬ 
ly  reactive  in  comparison  to  other  sulfhydryl 
groups,  otherwise  it  would  be  difficult  to  envis¬ 
age  how  the  inducers  could  evade  reaction  with 
the  very  high  concentrations  of  glutathione  that 
prevail  in  the  cytosol  (3-8  mM).  However,  if,  as 
is  entirely  possible,  the  ultimate  inducing  species 
were  the  glutathione  conjugates  of  the  inducers, 
these  might  then  be  transported  to  the  target 
protein  and  there  undergo  cleavage  by  the  more 
reactive  vicinal  sulfhydryl  groups  of  the  target 
protein. 

Much  more  specific  information  is  available  on 
the  precise  regulatory  regions  of  the  genes  that 
are  transcriptionally  activated  by  exposure  to 
inducers.  Deletion  analyses  of  the  upstream 
regions  of  the  glutathione  transferase  Ya  gene  of 
rat  and  mouse  liver  have  identified  nearly  identi¬ 
cal  41 -bp  enhancer  regions  that  respond  to  the 
aforementioned  inducers  [27-31].  When  these 
DNA  segments  were  inserted  into  plasmids  de¬ 
signed  for  heterologous  gene  expression,  and  the 
resulting  plasmids  were  transfected  into  hepato¬ 
ma  cells,  responses  to  inducers  were  observed. 
The  controlling  elements  have  been  further  nar¬ 
rowed  to  regions  termed  the  Antioxidant  Re¬ 
sponse  Element  (ARE)  [29]  or  the  Electrophile 
Response  Element  (EpRE)  [30,31],  for  which 
the  consensus  sequence  G(or  A)TGACNNNGC 
has  been  assigned.  The  mouse  GST  Ya  gene 
contains  two  of  these  elements  separated  by  five 
base  pairs,  whereas  the  rat  GST  Ya  gene  con¬ 


tains  only  one  element.  Similar  sequences  have 
also  been  identified  in  the  upstream  regions  of 
the  human  and  rat  QR  genes  (reviewed  in  [32]). 

In  a  recent  study  [13,14],  we  inserted  the  41-bp 
enhancer  elements  derived  from  the  5'-upstream 
region  of  the  mouse  liver  GST  Ya  gene  together 
with  its  promoter  into  plasmids  capable  of  ex¬ 
pressing  human  growth  hormone  as  reporter. 
These  plasmids  were  transfected  into  hepatoma 
cells,  and  the  concentration  dependence  of 
growth  hormone  expression  was  measured  for  28 
inducers  belonging  to  all  known  chemical  classes 
of  inducers.  The  potencies  of  these  compounds  in 
driving  heterologous  gene  expression  were  then 
compared  with  their  potencies  as  inducers  of  QR 
in  hepatoma  cells.  Although  these  potencies 
spanned  nearly  four  orders  of  concentration 
magnitude,  they  were  very  similar  in  the  two 
systems.  Furthermore  six  structurally  related 
compounds  were  inactive  in  both  systems.  These 
results  led  to  the  unequivocal  conclusion  that  the 
transcriptional  activation  evoked  by  all  classes  of 
inducers  could  be  fully  accounted  for  by  activa¬ 
tion  of  the  41 -bp  element  containing  the  ARE/ 
EpRE. 

The  nature  of  the  ARE /EpRE  and  its  tran¬ 
scriptional  binding  factors  has  been  controver¬ 
sial.  The  issue  is  whether  the  ARE /EpRE  has 
the  properties  of  phorbol  ester  responsive  ele¬ 
ments  (TRE)  (and  is  regulated  by  binding  of 
AP-1  factors  such  as  c -fos  and  c -jun)  [31],  or 
whether  ARE  /EpRE  involves  distinctly  different 
mechanisms  and  transcription  factors  [33].  Al¬ 
though  the  consensus  TRE  sequence  [TGAC(or 
G)TC(or  A)A]  bears  some  resemblance  to  the 
ARE /EpRE  consensus  sequence,  it  lacks  the 
critical  3 '-terminal  GC  bases.  This  question  has 
been  recently  examined  in  several  laboratories. 
In  our  experiments  [34],  the  behavior  to  inducers 
of  the  above-described  growth  hormone  reporter 
construct  containing  the  41-bp  ARE /EpRE  re¬ 
gion  derived  from  the  mouse  GST  Ya  gene  was 
compared  with  the  behavior  of  the  same  con¬ 
struct  in  which  the  ARE /EpRE  elements  were 
replaced  by  one  or  two  consensus  phorbol  ester 
response  elements  (TRE).  The  wild-type  se¬ 
quence  was  highly  activated  by  monofunctional 
inducers  of  various  chemical  types,  but  the  con- 
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structs  in  which  the  ARE/EpRE  sequences  were 
mutated  to  TRE  were  not  responsive.  Further¬ 
more,  transfection  of  the  ARE/EpRE  reporter 
construct  into  F9  cells,  which  lack  endogenous 
TRE  binding  proteins,  produced  substantial 
stimulation  of  growth  hormone  synthesis  by  the 
same  inducers  that  also  induced  QR  enzyme 
activity  in  untransfected  F9  cells.  These  results 
strongly  favor  the  view  not  only  that  the  ARE/ 
EpRE  mediates  the  induction  response  to  the 
various  types  of  inducer,  but  also  that  this  pro¬ 
cess  is  independent  of  phorbol  ester  responsive 
elements.  This  conclusion  is  supported  by  in¬ 
dependent  lines  of  evidence  from  other  labora¬ 
tories  [35,36]. 
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Abstract 

The  antioestrogen  tamoxifen  is  of  proven  efficacy  in  inhibiting  the  growth  of  oestrogen  receptor  positive  breast 
cancers  in  women.  In  rats,  long-term  dosing  leads  to  the  development  of  hepatocellular  tumours.  Tamoxifen  in  this 
species  is  a  genotoxic  carcinogen.  Metabolic  activation  by  cytochrome  P450-dependent  enzymes  leads  to  DNA 
damage  detectable  by  32P-postlabelling.  Factors  important  in  the  development  of  hepatocellular  lesions  were  the 
nature  and  quantity  of  metabolism  and  promotion /progression  of  the  DNA  lesion  by  agents  such  as  phenobarbital 
and  cell  proliferation.  No  evidence  was  found  for  tamoxifen-induced  DNA  damage  in  the  livers  of  7  women  taking 
this  drug  therapeutically. 
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1.  Introduction 

Tamoxifen  was  developed  in  the  late  1960s  as 
an  antioestrogen.  This  drug  inhibits  oestrogen- 
stimulated  cell  division  but  in  some  tissues  it  can 
also  exhibit  oestrogen-like  activities.  Tamoxifen 
is  of  proven  efficacy  in  inhibiting  the  growth  of 
oestrogen  receptor  positive  breast  cancers  in 
women  and  is  probably  one  of  the  safest  chemo¬ 
therapeutic  drugs  in  common  use.  As  adjuvant 
therapy  for  breast  cancer  it  has  few  undesirable 
side  effects.  Tamoxifen  also  has  a  number  of 
beneficial  effects  apart  from  its  primary  action  on 
breast  cancer  cells.  In  treated  women,  it  has  a 
significant  action  in  reducing  serum  cholesterol 
[1]  and  the  incidence  of  fatal  myocardial  infarc¬ 
tion  [2].  In  post-menopausal  individuals  it  may 
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also  help  to  limit  the  development  of  os¬ 
teoporosis  (Fig.  1).  Clinical  trials  are  currently 
under  way,  primarily  in  the  USA  and  UK,  to  test 
the  use  of  tamoxifen  as  a  chemopreventive  agent 
for  breast  cancer  in  healthy  women. 

There  are  unquestionable  benefits  in  the  use  of 
this  drug  for  the  treatment  of  women  with  breast 


Potential  benefits 


Effective  adjuvant  therapy 
for  breast  cancer 


Decreased  risk  of 
myocardial  infarction 


Lowered  blood  cholesterol 


Limits  osteoporosis  in 
postmenopausal  women 


Potential  risks 


Tamoxifen 


Promotion  of  endometrial 
tumors 


G I -tract  tumors 


Fig.  1.  Risk/benefit  potential  of  tamoxifen. 
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cancer.  Its  use  as  a  chemopreventive  agent  in 
healthy  women  is  not  so  clear-cut.  Epidemiologi¬ 
cal  evidence  from  women  with  breast  cancer  who 
have  been  treated  with  tamoxifen  suggests  long¬ 
term  administration  may  result  in  a  small  in¬ 
crease  in  the  incidence  of  endometrial  [3]  or  GI 
tract  tumours  [4].  Further  concerns  about  the 
potential  safety  of  tamoxifen  were  raised  when  a 
number  of  independent  laboratories  found  that 
long-term  administration  of  tamoxifen  to  rats  at 
high  dose  levels  gave  rise  to  hepatocellular 
carcinomas  [5,6].  In  these  studies,  there  were  no 
reports  of  tumours  of  the  reproductive  system  or 
GI  tract.  There  is  also  no  epidemiological  evi¬ 
dence  to  suggest  that  there  is  an  increased  risk  of 
liver  tumours  in  women  taking  this  drug.  How¬ 
ever,  experience  with  other  carcinogens  suggest 
that  the  organ  or  tissue  affected  is  not  necessarily 
the  same  across  species. 

More  evidence  is  required  as  to  the  mechanism 
of  carcinogenic  action  of  tamoxifen  in  ex¬ 
perimental  systems  to  inform  better  on  risk-ben¬ 
efit  analysis  for  women  taking  tamoxifen.  Follow¬ 
ing  the  discovery  that  tamoxifen  itself  was  not 
genotoxic  but  could  be  activated  in  the  rat  liver 
to  give  genotoxic  intermediates  [7],  our  aim  has 
been  to  define  the  nature  of  the  activating 
enzymes  system,  factors  influencing  DNA  dam¬ 
age  and  the  development  of  liver  tumours.  A 
principal  objective  of  the  study  was  to  establish 
animal  models  which  would  permit  identification 
of  those  factors  which  contribute  to  the  develop¬ 
ment  of  hepatic  tumours  in  the  rat  but  not  in  the 
mouse.  It  might  then  be  possible  to  determine 
whether  they  also  operate  in  humans  and  if  so, 
establish  the  potential  risk  of  tamoxifen  in 
women  taking  this  drug. 

2.  Hepatic  DNA  damage  caused  by  tamoxifen 

Since  all  of  the  early  in  vitro  tests  for  tamox¬ 
ifen  genotoxicity,  such  as  the  Ames  Samonella 
assay,  gave  negative  results,  it  was  presumed, 
until  a  few  years  ago,  that  tamoxifen  was  work¬ 
ing  via  an  epigenetic  mechanism,  the  hepato- 
carcinogenic  effect  in  rats  being  in  some  way 
related  to  oestrogenic/antioestrogenic  potency  of 
this  drug.  Analogues  such  as  toremifene  (Fig.  2) 
have  a  similar  antioestrogenic  potency  but  do  not 


give  liver  tumours  in  rats  [6].  There  is  now  good 
evidence  that  in  the  rat,  tamoxifen  is  a  genotoxic 
carcinogen.  We  have  investigated  the  ability  of 
tamoxifen  and  toremifene  to  induce  DNA  dam¬ 
age  using  the  technique  of  32P-postlabelling.  It 
was  established  that  tamoxifen  could  cause  ad¬ 
duct  formation,  even  after  a  single  dose,  that  was 
selective  for  the  liver.  In  liver  DNA,  the  degree 
of  damage  was  dependent  both  on  the  dose  and 
the  length  of  exposure.  Toremifene  resulted  only 
in  trace  levels  of  such  damage  [7].  Tamoxifen- 
induced  "P-postlabelling  was  detected  in  mouse 
liver  DNA  but  the  level  of  adduct  formation  was 
about  one-third  that  seen  in  rats. 

Two  features  of  the  DNA  lesions  seen  in  rat 
liver  following  tamoxifen  treatment  may  contrib¬ 
ute  to  its  hepatocarcinogenic  effects.  Firstly, 
following  cessation  of  dosing,  the  adducts  are 
repaired  or  eliminated  very  slowly  with  a  half-life 
in  the  order  of  3  months  [8].  Secondly,  with 
continuous  exposure  of  rats  to  tamoxifen  the 
extent  of  DNA  damage  continues  to  increase  for 
many  months.  In  adult  rats,  following  6-12 
months  exposure  to  tamoxifen,  when  there  is 
rapid  hepatocellular  proliferation  in  hyperplastic 
nodules  and  tumours,  the  total  extent  of  DNA 
damage  decreases  [9],  probably  as  a  result  of 
dilution  of  the  adducted  DNA  by  preneoplastic 
cells. 

There  is  strong  evidence  that  cell  proliferation 
plays  an  important  role  in  the  promotion  and 
progression  of  DNA  damage.  In  a  study  involv¬ 
ing  3  strains  of  female  rat  given  dietary  tamox¬ 
ifen  corresponding  approximately  to  40  mg  /kg/ 
day,  there  were  only  small  differences  in  its 
concentration  and  that  of  its  major  metabolites  in 
the  liver.  Similarly,  the  extent  of  hepatic  DNA 
damage,  determined  by  32P-postlabelling  at  6 
months  in  all  3  strains  were  all  similar  [9].  At  3 
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Tamoxifen  Toremifene 

Fig.  2.  Chemical  structures  of  tamoxifen  and  toremifene. 
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months  after  dosing,  using  either  conventional 
histochemical  staining  or  the  markers,  y- 
glutamyltranspeptidase  or  glutathione  5-transfer¬ 
ase  P,  the  number  of  positive  foci  was  about 
10-fold  higher  in  both  Wistar  and  Lewis  rats 
compared  to  the  Fischer  animals.  There  were 
also  marked  strain  differences  in  the  time  to 
development  of  liver  tumours  with  Wistar  and 
Lewis  animals  being  more  susceptible.  After  11 
months,  all  of  the  Wistar  and  Lewis  rats  had  liver 
carcinomas,  while  none  was  seen  in  the  Fischer 
animals.  Such  carcinomas  were  seen  in  these 
animals  only  when  they  were  killed  at  20  months. 
A  comparison  of  the  extent  of  hepatic  paren¬ 
chymal  cell  division,  relative  to  controls,  showed 
that  after  6  months  tamoxifen  exposure  this  was 
depressed  in  Fischer  rats,  in  contrast  to  an 
increase  in  Wistar  and  in  Lewis  rats.  It  is  con¬ 
cluded  that  the  increase  in  cell  proliferation  is 
consistent  with  the  promotion  of  foci  to  tumours 
and  the  subsequent  progression  of  tumours  in  the 
latter  2  strains. 

Promotion  of  liver  DNA  damage  initiated  by 
tamoxifen  can  be  achieved  by  the  use  of  pheno- 
barbital.  Wistar  rats  were  dosed  with  tamoxifen 
for  only  3  months  and  then  returned  to  a  basal 
diet.  Tamoxifen  is  rapidly  cleared  from  the  body 
with  a  half-life  of  about  12  h.  This  drug  could  not 
be  detected  in  the  livers  of  rats  3  months  after 
dosing  even  though  liver  DNA  lesions  detected 
by  32P-postlabelling  persisted.  In  a  group  a  rats 
promoted  with  phenobarbital  in  the  drinking 
water,  the  majority  (12/14)  consequently  de¬ 
veloped  liver  tumours.  Even  about  one-third  of 
those  animals  which  received  no  additional  pro¬ 
motion  after  the  initial  3  months  tamoxifen 
treatment  went  on  to  develop  liver  tumours  in  a 
lifetime  study  [8].  It  was  proposed  that  the 
persistence  of  the  DNA  adducts  may  account  for 
the  ability  of  phenobarbital  to  promote  a  high 
incidence  of  liver  carcinomas  after  discontinua¬ 
tion  of  the  tamoxifen  dosing. 

3. 32P-Postlabelling  of  DNA  from  women 
taking  tamoxifen  therapeutically 

Liver  DNA  samples  obtained  from  7  women 
receiving  tamoxifen  therapeutically  or  a  ‘control 
group’  not  receiving  this  drug  were  analyzed 


using  32P-postlabelling.  In  both  groups  DNA 
damage  was  detected  but  the  pattern  of  post- 
labelled  spots  was  not  the  same  as  those  detected 
in  a  tamoxifen-treated  rat  liver  DNA.  There  was 
no  difference  in  the  level  of  DNA  damage  (18- 
80  adducts /108  nucleotides)  between  the  2 
groups  [8].  The  marked  difference  between  the 
level  of  hepatic  DNA  damage  in  rats  which 
develop  liver  tumours  (3000  adducts /108  nu¬ 
cleotides)  and  women  suggests  the  hazard  to 
humans  is  considerably  less.  Several  factors  may 
affect  this  finding.  Firstly,  in  the  study  only  7 
treated  human  livers  were  analyzed,  compared 
with  the  very  large  numbers  of  women  treated 
with  this  drug.  Secondly,  the  individual  suscep¬ 
tibility  to  tamoxifen  treatment  with  respect  to 
carcinogenicity  is  likely  to  be  influenced  by  many 
factors.  These  may  include  genetic  polymor¬ 
phisms  in  Phase  1  or  Phase  II  enzymes  respon¬ 
sible  for  the  activation  and  detoxication  of 
tamoxifen  and  the  balance  between  these  path¬ 
ways;  the  efficiency  of  DNA  repair  and  the 
extent  of  cell  proliferation.  It  cannot  be  excluded 
that  a  small  number  of  women  given  tamoxifen, 
due  to  a  combination  of  these  factors,  produce 
sufficient  DNA  damage  to  result  in  liver  cancer 
nor  can  it  be  certain  that  tamoxifen  does  not 
damage  DNA  in  other  cell  types  of  other  organs. 

4.  Mechanisms  of  activation  of  tamoxifen  to 
genotoxic  intermediates 

4.1.  Effects  of  tamoxifen  on  hepatic  drug 
metabolising  systems 

Tamoxifen  administration  to  rats  causes  a  30- 
60-fold  increase  in  the  rate  of  metabolism  of 
benzyloxyresorufin  or  pentoxyresorufin  by  liver 
microsomal  preparations  [10].  Smaller  increases 
were  seen  in  the  6/3  and  16 a  hydroxylation  of 
testosterone  as  well  as  the  oxidation  of  testo¬ 
sterone  to  androstenedione.  Western  blotting 
experiments  showed  a  2-3-fold  increase  in 
CYP2B1,  CYP2B2  and  CYP3A1  proteins  in  liver 
microsomal  fractions.  Tamoxifen  acts  as  a  weak 
inducer  of  these  isoenzymic  forms  but  the  extent 
of  induction  is  not  nearly  so  marked  as  with 
‘classical  inducers’  such  as  phenobarbital  or 
dexamethasone. 

In  rat  liver  microsomal  systems  in  vitro, 
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Fig.  3.  Metabolic  pathways  tor  liver  microsomal  metabolism  of  tamoxifen. 


tamoxifen  is  metabolised  primarily  by  vV-de- 
methylation,  A-oxidation  and  4-hydroxylation 
(Fig.  3).  These  are  Phase  I  detoxication  reac¬ 
tions.  Pretreatment  of  rats  with  tamoxifen  itself 
or  classical  inducers  such  as  phenobarbital  or 
dexamethasone  stimulated  the  rate  of  A-de- 
methylation  whereas  4-hydroxylation  was  de¬ 
pressed.  We  have  concluded  that  by  stimulating 
its  own  metabolism  tamoxifen  may  accelerate  the 
rate  of  its  own  disposal  and  could  also  increase 
the  production  of  a  reactive  genotoxic  metabo¬ 
lite^).  Human  and  rat  liver  microsomal  prepara¬ 
tions  are  able  to  activate  [14C]tamoxifen  in  the 
presence  of  NADPH  to  bind  irreversibly  to 
microsomal  proteins.  Protein  binding  has  to  be 
used  as  an  index  of  metabolic  activation  and  as  a 
surrogate  for  DNA  binding.  The  extent  of  bind¬ 
ing  to  DNA  appears  to  be  of  the  order  of  50-fold 
lower  than  to  protein  and  at  the  limit  of  detec¬ 
tion  using  conventional  liquid  scintillation  meth¬ 
ods  for  radioactive  detection.  Using  a  panel  of  12 
human  microsomal  preparations  that  had  been 


characterised  for  the  cytochrome  P450  content 
with  respect  to  9  CYP  isoenzymic  forms  by 
Western  blotting  it  was  shown  that  CYP3A4  and 
CYP2B6  were  involved  with  the  metabolic  acti¬ 
vation  of  tamoxifen  to  metabolites  which  co¬ 
valently  bound  to  protein  [11].  This  study  sug¬ 
gested  that  the  same  isoenzymic  forms  involved 
in  the  A-demethylation  of  tamoxifen  were  also 
involved  in  covalent  binding  whereas  4-hydroxy- 
lation  reaction  was  catalysed  by  CYP2C9.  Con¬ 
sistent  with  the  involvement  of  CYP3A4  and 
CYP2B6,  pretreatment  of  rats  with  dexametha¬ 
sone,  phenobarbital  or  tamoxifen  itself  caused  a 
significant  increase  in  the  rates  of  protein  bind¬ 
ing.  Although  at  this  stage  we  cannot  formally 
distinguish  if  the  active  metabolites  involved  in 
protein  and  DNA  binding  are  the  same,  pre¬ 
liminary  studies  suggest  that  this  is  the  case. 

Comparison  between  species  of  the  binding  of 
tamoxifen  to  protein  in  vitro  shows  rats  to  be 
3.8-fold  and  mice  17-fold  higher  than  human 
liver  microsomes  [11].  In  this  respect,  the  greater 
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activity  in  the  mouse  microsomal  preparations 
reflects  the  higher  levels  of  overall  metabolism. 
Although  the  liver  was  the  main  site  of  activa¬ 
tion,  binding  in  microsomal  preparations  from 
normal  human  breast  tissue  could  also  be  de¬ 
tected,  although  rates  were  some  7-fold  lower 
than  in  human  liver. 

42.  Clastogenicity  in  Crespi  cell  lines 

Using  a  human  lymphoblastoma-derived 
MCL-5  ceil  line  which  the  human  isoenzymes 
CYP1A1,  1A2,  2A6,  3A4  and  2E1  are  func¬ 
tionally  expressed,  tamoxifen  gave  a  positive 
result  in  a  micronucleus  assay  [7].  Using  similar 
cell  lines  which  express  individual  cytochrome 
P450s  suggested  that  the  isoenzymes  CYP2E1 
and  CYP3A4  were  capable  of  metabolising 
tamoxifen  to  genotoxic  intermediates  as  judged 
by  a  positive  micronucleus  test.  The  Crespi  cells 
expressing  CYP1A1,  CYP1A2,  CYP2D6, 
CYP2A6  or  CYP2B6  did  not  give  positive  results 
over  the  range  of  concentrations  used  with  the 
former  2  isoenzymes  [12].  It  should  be  noted  that 
because  it  has  not  been  established  the  extent  to 
which  the  various  isoenzymes  are  expressed 
within  the  cells,  it  is  not  possible  to  be  categoric 
that  negative  results  reflect  the  response  in  either 
rodent  or  human  tissues.  These  results  do  show 
that  the  human  P450s  have  the  ability  to  activate 
tamoxifen  and  at  concentrations  normally  found 
in  the  serum  of  women  taking  tamoxifen  thera¬ 
peutically  (—300  ng/ml). 

4.3.  Identity  of  tamoxifen  active  metabolite  (s); 
role  of  epoxides 

Studies  using  liquid  chromatography  with  on 
line  electrospray  mass  spectrometry  have  de¬ 
tected  the  presence  of  a  number  of  metabolites 
formed  from  tamoxifen  in  microsomal  incubation 
mixtures  which  correspond  formally  to  the  addi¬ 
tion  of  oxygen  to  the  drug.  A  number  of  metabo¬ 
lites  such  as  tamoxifen  N-oxide  with  known 
retention  times  on  HPLC  can  be  assigned  to  the 
peaks  observed.  Two  additional  peaks,  believed 
to  represent  aromatic  3,4-epoxide  and  3 ',4' -epox¬ 
ides  of  tamoxifen  have  been  described  (Fig.  3). 
Although  not  sufficiently  stable  to  be  isolated  in 
quantities  sufficient  for  chemical  analysis,  in  the 


presence  of  acid  they  are  converted  to  the 
corresponding  dihydrodiols,  consistent  with  an 
epoxide  structure.  Formation  of  these  epoxides 
are  detected  using  rat,  mouse  and  human  liver 
microsomal  preparations  [13].  Other  putative 
active  metabolites  have  been  proposed  such  as  a 
yet  unidentified  product  formed  as  a  result  of 
activation  of  4-hydroxytamoxifen  [14]  or  a-hy- 
droxyethyltamoxifen  [15].  Support  for  a-hy- 
droxylation  of  the  ethyl  group  as  a  major  path¬ 
way  of  tamoxifen  activation  comes  from  the 
observation  of  a  reduced  genotoxicity  of  [D5- 
ethyl] -tamoxifen.  When  a-hydroxyethyltam- 
oxifen  was  prepared  chemically  and  added  to  rat 
hepatocytes  in  culture,  the  extent  of  DNA  dam¬ 
age,  as  assessed  by  32P-postlabelling,  was  in  the 
order  of  50-fold  higher  than  with  tamoxifen  itself 
[16].  The  identity  of  the  active  metabolite  would 
help  to  locate  which  tissues  such  as  endometrium 
or  GI  tract,  have  the  potential  to  activate  tamox¬ 
ifen. 

5.  Opportunities 

The  molecular  mechanism  of  action  of  tamox¬ 
ifen  in  breast  cancer  appears  to  be  a  complex 
mixture  of  antagonism  of  the  mitogenic  action  of 
oestradiol  at  the  level  of  the  oestrogen  receptor 
and  cellular  effects  which  may  include:  (1)  inhibi¬ 
tion  of  protein  kinase  C  and  calmodulin-depen¬ 
dent  cAMP  phosphodiesterase  and  (2)  modula¬ 
tion  of  growth  factors  including  insulin-like 
growth  factor  1  and  transforming  growth  factor 
beta  [17].  Several  new  antioestrogenic  drugs  are 
being  developed.  Some  are  based  on  the  tri- 
phenylethylene  structure  of  tamoxifen  and,  like 
toremifene  and  droloxifene,  do  not  give  rise  to 
liver  tumours  in  rats  in  life-time  bioassays. 
Raloxifene  has  a  benzothiaphene  structure  which 
has  antioestrogenic  potential  [18],  while  the 
substituted  steroid,  ICI  182  780  is  a  potent 
specific  pure  antioestrogen  which  may  offer  ad¬ 
vantages  in  breast  cancer  treatment  compared 
with  partial  agonists  like  tamoxifen.  These  latter 
analogues,  structurally  unrelated  to  tamoxifen, 
will  not  have  the  potential  for  metabolic  activa¬ 
tion  to  genotoxic  intermediates.  The  potential  of 
these  newly  developed  antioestrogens  to  bring 
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about  the  enzyme  inhibition  and  growth  factor 
modulation  described  above  may  be  central  in 
optimizing  their  effects  as  therapeutic  agents  for 
the  effective  treatment  of  breast  cancer  in 
women. 
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Abstract 

To  help  minimize  errors  and  confusion  in  the  scientific  literature,  a  few  principles  can  be  followed.  The  original 
intent  and  hypothesis  of  each  study  should  be  made  clear,  and  deviations  from  the  initial  purpose  should  be  stated. 
The  hypothesis-testing  portions  of  the  research  need  to  be  clearly  differentiated  from  the  hypothesis  generating 
sections.  If  data  were  selected  and  reanalyzed  in  unintended  ways,  the  analyses  should  be  clearly  identified  as 
hypothesis  generating,  and  no  conclusions  should  be  drawn  from  such  data.  The  data  should  be  unassailable.  The 
control  group  should  be  adequate.  The  data  analysis  should  be  consistent  with  the  experimental  design.  Given  that 
the  larger  the  number  of  P-values,  the  greater  the  rate  of  false  declarations,  the  total  number  of  derived  P-values 
should  be  reasonable  and  should  be  reported.  The  publication  should  unveil  all  details  necessary  to  understand  and 
replicate  the  research  project,  including  the  data  analysis.  Alternate  etiologies  should  be  seriously  considered  in 
light  of  potential  confounding  factors.  It  is  important  to  be  critical  of  the  results  of  a  study,  especially  when  data 
confirm  a  preconceived  hypothesis. 

Keywords:  Causality;  Confounding;  Control;  Double-blind;  Error  rate;  Experimental  doubt;  Hypothesis  generating/ 
testing 


1.  Introduction 

At  the  Plenary  Lecture  of  the  1994  Society  of 
Toxicology  Annual  Meeting,  Jon  Franklin  [1] 
recounted  his  assignment  to  cover  the  Agent 
Orange  ‘affair’  when  he  was  a  journalist  at  the 
Baltimore  Sun.  He  was  given  the  luxury  to  have 
all  the  time  and  money  he  needed  to  do  the 
story.  He  went  back  to  original  sources,  and  was 
horrified  when,  in  his  words,  he  “couldn’t  sub¬ 
stantiate  anything  ...  anything  at  all”.  A  sci¬ 
entist,  referred  to  as  J.  Smith,  was  so  outraged 
by  the  sensationalistic  coverage  of  Agent 
Orange,  that  he  spent  a  day  with  Jon  Franklin 


teaching  him  the  fundamental  principles  of  tox¬ 
icology,  and  providing  him  with  evidence  of  the 
unlikelihood  of  Agent  Orange’s  alleged  effects. 
Jon  Franklin  had  lost  a  lot  of  confidence  in  his 
profession.  He  also  distrusted  toxicologists  when 
he  saw  some  scientists  who  were  backing  up  the 
protesters  either  refuse  to  release  their  data,  or 
generate  data  that  were  not  credible.  Then,  one 
day,  he  ran  back  into  J.  Smith  who  reluctantly 
confessed  that  he  was  working  on  a  grant  to 
investigate  the  effects  of  Agent  Orange!  When 
scientists  support  weak  propositions  for  the  sake 
of  ideology  or  money,  science  and  the  public 
lose. 
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2.  Problems  encountered  in  the  scientific 
literature 

When  Renaissance  succeeded  the  Middle 
Ages,  a  new  institution  called  science  was 
created.  It  did  not  take  long  for  it  to  have  its 
followers  and  detractors  but  even  some  of  its 
adepts  had  reservations.  Robert  Boyle  (Ref.  [2], 
p.  43)  published  a  monograph  in  which  he  wrote 
“you  will  find  many  of  the  experiments  published 
by  authors  . . .  false  and  unsuccessful  . . .,  you  will 
meet  with  several  observations  and  experiments, 
which  though  communicated  for  true  by  Candid 
Authors  or  undistrusted  Eye-witnesses,  or  per¬ 
haps  recommended  to  you  by  your  own  ex¬ 
perience,  may  upon  further  tryal  disappoint  your 
expectation,  either  not  at  all  succeeding  constant¬ 
ly,  or  at  least  varying  much  from  what  you 
expected”. 

Money  corrupts  and  science  fraud  is  very  real. 
Data  falsification  has  been  documented  not  only 
in  industry  [3],  but  also  in  prestigious  academic 
institutions  [4-6].  However,  the  integrity  of  sci¬ 
ence  may  be  more  compromised  by  scientists 
who  unknowingly  misuse  some  techniques,  re¬ 
port  their  data  or  cite  the  literature  selectively, 
use  the  wrong  statistical  analysis,  misinterpret 
their  results,  draw  unjustified  conclusions,  and  do 
not  distinguish  between  hypothesis  testing  and 
generating. 

Another  practice  that  biases  the  information 
available  on  any  particular  scientific  topic  is  the 
fact  that,  in  general,  negative  results  are  not 
published.  This  file-drawer  problem,  as  it  has 
been  called  [7],  is  often  a  consequence  of  a 
usually  implicit  editorial  policy  under  which  the 
majority  of  published  articles  must  satisfy  some 
arbitrary  level  of  statistical  significance.  Sterling 
[8]  sampled  a  couple  of  psychology  journals  and 
reported  that  97.3%  of  the  published  articles 
rejected  the  null  hypothesis. 

Such  a  policy  adopted  by  scientific  journals  not 
only  is  antiscientific  per  se,  but  also  contributes 
to  the  confusion  encountered  in  the  literature. 
Grantsmanship  does  not  escape  the  criticism,  it 
fosters  it;  the  publish-or-perish  mandate  coerces 
scientists  to  satisfy  quantity  over  quality.  It  also 


favors  generation  of  new  hypotheses  to  the 
detriment  of  their  testing. 

3.  A  few  fundamental  principles  in  the  design 
and  analysis  of  experiments 

Some  of  the  problems  alluded  to  can  be 
alleviated  by  following  some  fundamental  princi¬ 
ples  that  have  often  been  violated. 

1.  The  original  intent  of  each  project  should  be 
made  clear,  and  deviations  from  this  initial  pur¬ 
pose  should  be  stated  to  avoid  misleading  the 
reader  as  to  the  nature  of  the  study.  Muller  et  al. 
[9]  define  a  hypothesis-testing  study  as  a  study 
designed  to  confirm  or  negate  a  hypothesis.  In 
such  a  study,  the  acceptable  error  rate  (a),  as 
well  as  hypotheses,  statistical  analyses  and 
eventual  transformations  should  all  be  specified  a 
priori  before  the  scientist  examines  the  data.  Any 
exception  to  the  previous  list  makes  the  study 
exploratory,  i.e.  hypothesis  generating. 

Hypothesis-testing  portions  of  the  study  need 
to  be  clearly  differentiated  from  the  hypothesis¬ 
generating  sections.  A  hypothesis  should  not  be 
retrofitted  and  reported  as  an  original  question. 
If  data  were  to  be  selected  and  reanalyzed  in 
unintended  ways,  the  analyses  should  be  clearly 
identified  as  hypothesis-generating,  and  no  con¬ 
clusions  should  be  drawn  from  such  data.  Hy¬ 
potheses  cannot  be  verified  with  the  data  that 
generated  them.  A  conclusion  can  only  be 
reached  after  testing  these  hypotheses  with  new 
data. 

2.  The  data  should  be  unassailable.  The  au¬ 
thors  should  be  qualified  enough  to  understand 
thoroughly  the  nature  of  the  collected  data  as 
well  as  the  techniques  and  methods  used  to 
generate  and  analyze  them. 

3.  The  control  group  should  be  appropriate, 
i.e.  it  should  be  treated  exactly  in  the  same 
manner  as  the  experimental  group,  except  for  the 
independent  variable(s)  of  interest.  Studies  with¬ 
out  a  control  group  [10]  cannot  be  used  to  draw 
conclusions.  A  cross-sectional  study  where  in¬ 
formed  consent  forms  are  given  to  the  subjects 
presents  a  special  challenge  because  these  forms 
carry  a  different  type  of  information  to  the 
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control  and  to  the  experimental  groups,  and  can 
have  effects  by  themselves  [11];  most  likely,  the 
control  group  is  told  that  its  role  is  to  serve  as  a 
reference  in  a  study,  while  the  experimental 
group  is  advised  that  it  is  being  studied  because 
of  suspicion  of  effects  on  the  variables  to  be 
tested.  Anomalies  in  toxicology  study  control 
groups  have  also  been  documented  by  Weil  and 
Carpenter  [12]  in  animals.  The  authors  caution 
the  reader  against  always  interpreting  statistically 
significant  differences  between  control  and  ex¬ 
perimental  groups  as  caused  by  the  test  com¬ 
pound  rather  than  by  abnormal  control  values. 

In  a  human  cross-sectional  study,  the  results  of 
the  experimental  group  can  also  differ  from 
those  of  the  control  group  simply  due  to  sam¬ 
pling  bias;  for  example,  differences  in  personality 
can  reflect  pre-existing  differences  between 
groups,  such  as  those  linked  to  job  selection,  i.e. 
people  with  different  personalities  and  psycho¬ 
motor  skills  are  not  attracted  equally  to  all  jobs. 

4.  The  experimental  design  should  determine 
the  type  of  analysis  to  be  done.  For  example,  if 
data  are  collected  over  time  in  the  same  animals, 
the  data  should  be  analyzed  with  a  repeated- 
measure  type  of  analysis.  Analyzing  the  data 
separately  by  time  periods  is  akin  to  treating  the 
different  time  episodes  as  different  experiments. 
Separate  analyses  would  be  appropriate  if  differ¬ 
ent  animals  were  to  be  used  on  the  different  time 
periods. 

5.  More  is  less.  Some  researchers  design 
studies  with  a  very  large  number  of  questions, 
and  expect  to  end  up  with  a  very  large  number  of 
answers.  What  usually  happens  is  that  they  con¬ 
clude  their  study  with  a  very  large  number  of 
hypotheses,  and  no  answers. 

Errors  cost,  whether  they  result  from  false 
positives  or  false  negatives.  Given  that  the  larger 
the  number  of  P -values,  the  larger  the  rate  of 
false  declarations  of  an  effect,  the  total  number 
of  derived  P -values  should  be  reasonable  and 
should  be  reported  whether  these  were  or  were 
not  statistically  significant.  The  actual  P-values 
should  be  given  rather  than  reference  be  made  to 
arbitrary  levels  (e.g.  P<0.05).  If  the  author 
chooses  to  control  a  at  0.05  per  comparison,  for 


example,  and  elects  not  to  correct  it  for  the 
multiplicity  of  analyses,  the  author  should  at 
least  seriously  discuss  the  implications  of  the 
adopted  strategy  in  terms  of  overall  error  rate. 
When  negative  results  are  reported,  power  analy¬ 
sis  (or  other  meaningful  evidence)  needs  to  show 
that  the  methods  used  can  detect  an  effect  of  an 
acceptable  magnitude. 

6.  The  authors  should  provide  the  reader  with 
enough  information  about  the  design,  conduct 
and  analysis  of  a  study  so  that  he  /she  can 
replicate  it.  One  reason  often  given  for  a  lack  of 
replication  of  findings  between  two  studies  is  the 
fact  that  a  number  of  potential  differences  may 
account  for  the  observed  discrepancies. 

7.  The  effects  of  confounding  variables  on  the 
data  should  be  minimized,  and  their  potential 
impact  be  discussed.  Besides  gender,  age,  educa¬ 
tion  that  are  usually  taken  into  consideration  in 
investigations  involving  humans,  a  number  of 
other  factors  may  affect  the  outcome  of  a  study, 
such  as,  for  example,  dissatisfaction  with  the 
work  environment  [13],  home  environment  [14], 
experimenter  effect  and  expectancy  [15],  placebo 
effect  [16],  malingering  [17],  etc. 

Most  revealing  is  the  article  by  Benignus  [18] 
who  reviewed  the  literature  on  the  behavioral 
effects  of  carbon  monoxide  exposure  in  humans, 
and  found  that  75%  of  single-blind  studies  were 
statistically  significant,  while  only  26%  of  the 
double-blind  studies  were.  A  caution  is  required, 
however,  as  differences  in  outcome  in  double¬ 
blind  studies  may  still  act  as  an  unblinding  factor 
and  affect  the  validity  of  the  results  [19]. 

8.  Tost  hoc,  ergo  propter  hoc’  is  a  common 
fallacy  that  consists  in  concluding  to  a  causal 
relationship  in  the  presence  of  a  simple  temporal 
ordering  of  events.  Another  common  fallacy  is  to 
take  a  correlation  between  two  variables  and  to 
conclude  to  a  causal  relationship. 

Hill  [20]  developed  a  series  of  criteria  used  in 
epidemiology  that  can  be  applied  to  causal  think¬ 
ing  in  neurotoxicology.  These  criteria  are: 

•  strength  of  association; 

•  consistency; 

•  specificity; 

•  temporality; 
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•  biological  gradient  (dose-response  curve); 

•  plausibility; 

•  coherence; 

•  analogy. 

Even  though  none  of  these  criteria  can  bring 
indisputable  evidence  for  or  against  a  causal 
relationship,  they  help  make  a  decision  about  its 
likelihood. 

4.  Conclusions 

The  human  brain  has  the  remarkable  ability  to 
extract  coherence  out  of  the  randomness  of 
chaos.  It  will  see  patterns  in  the  absence  of  any 
regularity.  It  will  assume  things  that  do  not  exist. 
Caution  is  therefore  de  rigueur. 

It  is  Claude  Bernard  (Ref.  [21],  p.  73)  who 
reminds  us  that  the  fundamental  principle  of  the 
heuristic  method  is  the  doubt.  However,  Claude 
Bernard  goes  beyond  this  statement  and  declares 
that  it  is  necessary  to  try  to  disprove  a  hypothesis 
once  it  has  been  accepted  (p.  101).  It  is  im¬ 
portant  to  doubt  the  results  of  a  study,  especially 
when  data  confirm  a  preconceived  idea. 
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Abstract 

In  recent  years  neurobehavioural  tests  have  been  used  increasingly  in  occupational  and  environmental  settings  to 
identify  changes  in  cognitive  functioning  associated  with  exposure  to  neurotoxicants.  Applications  in  cross-sectional 
research  studies,  involving  the  comparison  of  the  performance  of  exposed  and  control  groups,  are  relatively  well 
established.  However,  the  use  of  such  methods  requires  attention  to  a  variety  of  methodological  issues  including 
aspects  of  study  design  such  as  sample  size,  the  selection  of  appropriate  controls,  the  separation  of  acute  and 
chronic  effects  and  control  or  adjustment  for  numerous  potential  influences  on  performance.  Studies  requiring 
repeated  testing,  such  as  longitudinal  investigations  or  studies  of  acute  effects  require  attention  to  learning  and 
practice  effects  and  diurnal  rhythms.  The  validity  of  adapting  existing  test  batteries  for  use  as  diagnostic  or 
screening  instruments  is  questionable.  Well-developed  techniques  exist  for  diagnosis  but  this  requires  lengthy  and 
skilled  test  administration  and  interpretation  and  cannot  be  accomplished  using  research  batteries.  Existing  tests 
may,  in  the  future,  be  used  for  screening,  but  a  number  of  problems  will  need  to  be  addressed  before  they  can  be 
successfully  applied  in  this  context. 

Keywords:  Neurobehavioural  tests;  Research;  Diagnosis;  Screening 


1.  Introduction 

During  the  last  25  years  there  has  been  an 
increasing  recognition  that  exposure  to  neuro¬ 
toxic  chemicals  may  result  in  subtle  effects  on  the 
human  nervous  system  which  may  not  be  observ¬ 
able  in  terms  of  clinical  signs  and  symptoms.  The 
identification  of  these  effects  has  resulted  from 
the  growth  of  sensitive  neurobehavioural  meth¬ 
ods  to  assess  small  alterations  in  cognitive  func¬ 
tioning,  which  are  regarded  as  behavioural  in¬ 
dicators  of  central  nervous  system  changes. 
These  methods  assess  a  range  of  cognitive 
abilities,  from  relatively  simple  sensory  and 
motor  functions  to  higher  level  information  pro¬ 


cessing  abilities  such  as  learning,  memory  and 
logical  reasoning.  For  most  purposes,  therefore,  a 
number  of  tests  are  put  together  to  form  a  test 
battery,  which  covers  different  aspects  of  func¬ 
tioning,  although  the  nature  of  cognitive  abilities 
is  such  that  inevitably  there  is  some  overlap  in 
the  functions  covered  by  the  different  tests. 

2.  Test  batteries 

A  number  of  test  batteries  were  originally 
developed  by  particular  groups  to  service  their 
own  programme  of  research  or  diagnostic  needs, 
although  several  of  these  have  subsequently  had 
wider  application.  The  majority  were  developed 
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in  Scandinavia  reflecting  the  origins  of  neuro- 
behavioural  work,  which  was  largely  in  these 
countries  during  the  1970s.  They  include  the 
original  battery  used  at  the  Finnish  Institute  of 
Occupational  Health  [1],  2  batteries  developed  in 
Sweden,  the  Swedish  Performance  Evaluation 
System  (SPES)  [2],  and  the  TUFF  battery  [3], 
and  one  developed  in  Denmark,  the  Cognitive 
Function  Scanner  [4]. 

Other  batteries  were  developed  primarily  with 
the  aim  of  international  distribution  and  applica¬ 
tion.  The  most  widely  used  of  these  are  the 
Neurobehavioural  Evaluation  System  (NES)  de¬ 
veloped  in  the  United  States  [5],  and  the  Neuro¬ 
behavioural  Core  Test  Battery  (NCTB)  [6], 
developed  in  Italy.  The  development  of  the  latter 
has  been  supported  by  the  WHO  and  it  is 
frequently  therefore  referred  to  as  the  WHO 
battery.  Most  batteries  now  in  common  usage  for 
research  purposes  are  computer-administered. 
This  enhances  standardisation  of  administration 
and  scoring  and  reduces  the  need  for  a  high  level 
of  input  from  skilled  psychologists,  although  this 
is  still  required  for  appropriate  interpretation  of 
the  results.  The  NCTB  was  originally  adminis¬ 
tered  in  ‘pencil  and  paper’  form  but  is  now 
produced  in  an  automated  version  under  the  title 
of  the  Milan  Automated  Testing  System 
(MANS).  Both  the  NES  and  the  MANS  have 
had  wide  international  application  in  a  research 
context.  Both  contain  the  facility  for  translation 
into  a  number  of  different  languages  and  are 
supported  by  a  network  of  information  and 
training. 

The  majority  of  batteries  in  current  use  drew 
on  existing  neuropsychological  tests  for  their 
development,  often  adapting  these  for  automated 
administration.  As  a  result  there  is  considerable 
overlap  in  the  range  of  tests  employed,  although 
details  of  presentation,  response  and  scoring  may 
vary.  Most  batteries  will  include,  for  example,  a 
test  of  simple  or  choice  reaction  time,  a  test  of 
short-term  memory  and  longer-term  learning, 
and  a  measure  of  more  complex  reasoning  abili¬ 
ty.  Outcomes  are  usually  measured  in  terms  of 
speed  or  accuracy  of  response. 

By  far  the  most  common  application  of  neuro¬ 
behavioural  methods  has  been  in  the  area  of 


research  and  for  this  reason  existing  test  batteries 
have  been  developed  with  the  needs  of  research 
very  much  in  mind.  Alongside  research  there  has 
also  been  a  desire  to  use  such  methods  in  a 
diagnostic  setting.  However,  since  the  require¬ 
ments  of  research  and  diagnosis  are  somewhat 
different,  this  has  often  led  to  problems  of 
misapplication  and  misinterpretation.  Most  re¬ 
cently  there  has  developed  a  demand  for  the 
application  of  neurobehavioural  techniques  in 
screening  and  on-going  health  surveillance  pro¬ 
grammes.  This  raises  further  questions  about  the 
suitability  of  employing  existing  research-based 
methods  for  a  variety  of  other  purposes.  It  is 
important  to  be  clear  about  the  requirements  of 
each  situation  in  order  to  ensure  that  appropriate 
methodology  and  techniques  are  applied  in  each 
case. 

3.  Research 

Neurobehavioural  methods  have  been  applied 
to  assess  both  acute  and  chronic  affects  of 
neurotoxic  exposure.  The  former  have  usually 
been  investigated  in  experimental  settings  where 
individuals  are  exposed  to  controlled  doses  of  a 
particular  chemical  and  within-subject  perform¬ 
ance  comparisons  are  made  to  assess  the  level  at 
which  effects  begin  to  occur  [7].  This  type  of 
work  allows  the  control  of  a  range  of  factors  with 
the  potential  to  influence  test  performance. 

By  contrast,  the  majority  of  investigations  of 
chronic  nervous  system  effects  have  involved 
cross-sectional  field  studies  where  the  test  per¬ 
formance  of  a  group  of  individuals  who  are 
regularly  exposed  to  a  particular  chemical  (occu¬ 
pationally  or  environmentally)  is  compared  to 
the  performance  of  a  non-exposed  control  group 
[8-10].  Since  cognitive  performance  is  repre¬ 
sented  by  scores  on  a  continuum  (for  example 
response  speed  in  ms)  an  effect  of  exposure  is 
assessed  in  terms  of  the  size  of  the  difference 
between  the  scores  of  the  2  groups.  In  particular, 
confidence  in  the  results  is  strengthened  if  a 
dose-effect  relationship  can  be  demonstrated. 

It  should  be  noted  that,  in  this  context,  no 
attempt  is  made  to  define  ‘normal  performance’ 
or  to  analyse  results  in  terms  of  the  number  of 
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‘abnormal’  individuals  in  each  group.  Scores  on 
tests  of  cognitive  function  are  heavily  dependent 
on  cultural,  educational  and  pre-existing  intel¬ 
lectual  factors  and  universally  applicable  refer¬ 
ence  criteria  are  thus  impossible  to  determine.  In 
studies  of  this  type  it  is  usual  to  exclude  in¬ 
dividuals  whose  history  suggests  the  presence  of 
effects  on  the  nervous  system  unrelated  to  expo¬ 
sure,  for  example  those  suffering  from  diagnosed 
nervous  system  disease,  or  those  with  a  history  of 
serious  head  injury  or  substance  abuse.  In  par¬ 
ticular,  however,  the  suitability  of  the  control 
group  is  of  paramount  importance.  It  is  normal 
to  ensure  matching  in  terms  of  age  distribution, 
gender,  educational  level  and  social  and  cultural 
background,  as  well  as  in  terms  of  the  type  of 
work  usually  undertaken.  Other  potentially  im¬ 
portant  factors  such  as  the  influence  of  lifetime 
alcohol  consumption  and  smoking  history  may 
require  subsequent  statistical  adjustment.  Assess¬ 
ment  of  the  influence  of  intelligence  level  prior 
to  exposure  is  particularly  problematical.  In  the 
past  this  has  usually  been  carried  out  using  a 
verbal  test  such  as  reading  ability  or  vocabulary, 
on  the  basis  of  evidence  that  scores  on  such  tests 
correlate  highly  with  IQ,  as  conventionally  mea¬ 
sured,  and  are  relatively  resistant  to  nervous 
system  insult  [11].  More  recently,  however,  this 
view  has  been  questioned  and  investigators  are 
increasingly  favouring  educational  level  as  a 
more  valid  indicator  of  this  factor. 

In  addition  to  the  characteristics  of  the  sub¬ 
jects  certain  situational  factors  also  require  care¬ 
ful  consideration.  Some  of  these  relate  to  the 
time  at  which  testing  is  carried  out,  specifically  to 
control  for  the  effects  of  circadian  rhythms  on 
performance  [12]  and  the  potential  confounding 
of  acute  and  chronic  effects  when  testing  is 
carried  out  very  shortly  following  exposure.  In 
the  case  of  many  substances  data  on  the  per¬ 
sistence  of  effects  following  exposure  do  not  exist 
and,  where  chronic  effects  are  under  investiga¬ 
tion,  pragmatic  decisions  may  have  to  be  taken 
as  to  when  acute  effects  may  safely  be  assumed 
to  have  disappeared. 

Other  situational  factors  have  a  direct  bearing 
on  the  particular  tests  employed.  In  a  research 
context  major  emphasis  is  placed  on  the  stan¬ 


dardisation  of  test  administration  and  on  un¬ 
ambiguous,  quantitative  scoring  methods  in 
order  to  acquire  reliable  data.  In  addition,  tests 
must  be  economical  in  terms  of  time  amd  person¬ 
nel,  relatively  quick  to  administer,  inexpensive 
and  portable.  Further  they  must  be  acceptable  to 
ostensibly  healthy  individuals  who  do  not  per¬ 
ceive  themselves  to  be  in  a  patient  role.  All  these 
factors  tend  to  limit  the  choice  of  tests. 

In  practice  the  ideal  research  battery  is  fairly 
short,  is  easy  for  non-specialists  to  administer 
and  score  and  has  high  reliability  and  sensitivity. 
While  existing  batteries  tend  to  fulfil  these 
criteria,  however,  they  are  perhaps  inevitably 
limited  in  their  capacity  to  define  the  specific 
effects  of  a  particular  chemical  in  precise  psycho¬ 
logical  terms.  While,  therefore,  many  of  the 
earlier  methodological  difficulties  of  research  in 
this  area  have  now  been  overcome  the  challenge 
for  the  future  is  to  incorporate  a  more  ‘diagnos¬ 
tic’  (at  group  level)  element  into  research  bat¬ 
teries  by  including  tests  which  are  more  theoret¬ 
ically  interpretable.  This  is  likely  to  be  achieved 
by  the  increased  application  of  techniques  de¬ 
veloped  within  the  framework  of  cognitive  re¬ 
search  into  normal  intellectual  functioning.  Such 
techniques  allow  the  analysis  of  patterns  of 
performance  and  the  identification  of  subtle 
shifts  in  these  patterns,  an  approach  which  may 
be  particularly  suited  to  the  needs  of  neuro- 
behavioural  research.  Examples  of  test  batteries 
which  place  more  emphasis  on  this  type  of 
approach  are  the  Information  Processing  and 
Performance  Test  Battery  [13]  and  the  Auto¬ 
mated  Cognitive  Test  Battery  [14].  Such  an 
approach  necessarily  implies  a  move  away  from 
some  established  neuropsychological  tests  which 
in  the  past  have  been  adapted  for  use  in  a 
research  context,  and  are  retained  in  many  exist¬ 
ing  research  batteries,  but  which  may  be  better 
suited  to  a  diagnostic  setting. 


4.  Diagnosis 

As  noted  above  many  of  the  tests  included  in 
neurobehavioural  batteries  are  adaptations  of 
neuropsychological  tests  which  have  been  used 
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for  many  years  in  clinical  diagnostic  settings.  For 
example,  several  tests  have  been  borrowed  from 
the  well-established  Halstead-Reitan  Neuro¬ 
psychological  Battery  [15].  However,  in  consider¬ 
ing  the  question  of  individual  diagnosis  it  is 
important  to  note  that  the  automated  forms  of 
these  tests  are  necessarily  adaptations  for  re¬ 
search  purposes  and  as  such  can  no  longer  be 
considered  to  be  diagnostic  instruments.  Many 
would  not  be  suitable  for  research  in  their 
original  form,  for  example  in  terms  of  length, 
non-standard  scoring  or  simply  the  impossibility 
of  automated  administration  because  of  the  par¬ 
ticular  stimuli  or  response  forms  required.  In 
their  adapted  form,  however,  they  go  some  way 
towards  fulfilling  the  objective  of  research  which 
is  to  identify  neurotoxic  effects  at  group  level. 

The  objectives  of  diagnosis,  however,  are  sub¬ 
stantially  different.  Here  the  concerns  are  to 
establish  whether  an  individual  has  experienced 
a  deterioration  in  cognitive  functioning  and 
whether  that  deterioration  is  associated  with 
neurotoxic  exposure.  This  requires  much  more 
lengthy  and  detailed  examination  of  an  indi¬ 
vidual^  level  of  functioning  and  reference  to 
their  clinical,  social  and  exposure  history.  The 
approach  is  likely  to  be  a  multidisciplinary  one, 
involving  a  range  of  professionals  including  hy¬ 
gienists,  toxicologists  and  physicians  as  well  as 
the  neuropsychologist. 

Those  administering  psychological  tests  in  such 
a  setting  are  able  to  employ  them  successfully  for 
diagnosis  because  they  place  qualitative  infor¬ 
mation  and  clinical  judgement  alongside  the 
quantitative  information  which  the  tests  provide. 
Limited  automated  testing,  by  contrast,  as  pro¬ 
vided  by  research  batteries  simply  produces 
numerical  scores  which  are  unlikely,  alone,  to 
provide  sufficient  information  on  which  to  make 
a  clinical  decision. 

While  many  of  the  factors  which  are  taken  into 
account  at  group  level  in  a  research  study,  for 
example  alcohol  consumption  and  smoking  his¬ 
tory,  will  also  be  considered  in  a  diagnostic 
setting,  the  diagnostic  approach  is  essentially  one 
that  involves  ‘case’  definition  and  as  such  re¬ 
quires  specific  assessment  techniques  which 
should  not  be  confused  with  those  employed  in  a 
research  context. 


5.  Screening 

Recently  there  have  been  suggestions  that 
existing  widely  used  test  batteries  might  be 
usefully  employed  as  initial  screening  devices  to 
identify  individuals  requiring  further  investiga¬ 
tion,  or  to  follow  up  those  identified  as  being  ‘at 
risk’  because  of  potentially  hazardous  exposure. 
Although  at  first  sight  this  seems  an  appealing 
prospect  the  above  discussion  of  the  nature  of 
neurobehavioural  testing  immediately  highlights 
a  number  of  difficulties  inherent  in  this  approach. 

The  practical  demands  of  screening  large  num¬ 
bers  of  individuals  indicates  that  those  tests  used 
in  research  batteries  are  most  likely  to  be  appro¬ 
priate  for  this  purpose.  However,  as  noted  above, 
the  outcomes  of  these  tests  are  typically  repre¬ 
sented  by  scores  on  a  continuum  and  the  dis¬ 
tribution  of  scores  for  any  population  will  de¬ 
pend  on  a  number  of  factors  noted  earlier  such 
as  age,  educational  level,  etc.  Despite  initial 
optimism  about  the  development  of  ‘normative 
data’  associated  with  the  most  widely  used  bat¬ 
teries,  it  has  become  clear  that  this  is  not  a 
realistic  proposition.  As  a  result  it  is  not  possible 
to  define  a  cut-off  point  for  use  as  an  indicator  of 
impairment  which  would  be  applicable  across 
widely  differing  populations  and  which  would 
presumably  be  a  requirement  of  a  screening 
programme. 

Conversely  those  tests  which  have  the  poten¬ 
tial  to  identify  a  ‘case’  are  lengthy  and  compli¬ 
cated,  requiring  a  high  level  of  input  from  a 
skilled  neuropsychologist.  This  is  clearly  incom¬ 
patible  with  the  demands  of  a  screening  pro¬ 
gramme.  Those  screening  instruments  which 
have  been  successfully  employed  in  the  work¬ 
place  to  date,  and  which  come  under  the  broader 
heading  of  neurobehavioural  methods,  are  ques¬ 
tionnaire-based,  for  example  the  Orebro  Q-16 
[16]  designed  for  the  detection  of  solvent-related 
neurotoxicity.  The  development  of  a  screening 
technique  based  on  cognitive  testing  continues  to 
represent  a  considerable  challenge  for  the  future. 

6.  Summary 

In  summary,  the  appropriate  use  of  neuro¬ 
behavioural  measures  requires  attention  to  the 
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objectives  of  the  exercise  since  different  tech¬ 
niques  are  required  in  different  settings.  Diag¬ 
nostic  methods  are  well  established  but,  when 
properly  applied,  are  inpractical  in  a  research 
context.  Similarly  the  attribution  of  diagnostic 
properties  to  research  techniques  is  inappro¬ 
priate.  Future  developments  in  research  methods 
should  allow  more  precise  definition  of  the 
effects  associated  with  specific  exposures  at 
group  level,  however,  and  this  information  is 
likely  to  be  of  value  to  those  engaged  in  in¬ 
dividual  diagnosis.  Most  difficulties  in  the  appli¬ 
cation  of  neurobehavioural  methods  lie  in  the 
areas  of  screening  and  health  surveillance  which 
appear  to  demand  a  combination  of  the  features 
of  both  research  and  diagnostic  approaches.  The 
reconciliation  of  these  demands  represents  a 
considerable  challenge  to  those  involved  in  the 
future  development  of  this  area. 
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Abstract 

Forensic  neurobehavioral  evaluations  present  special  validity  problems  such  that  standard  assumptions,  pro¬ 
cedures,  histories,  and  fact-finding  methods  used  in  treatment  settings  may  be  inappropriate  and  misleading.  This 
article  discusses  basic  issues  in  assessing  the  quality  and  reasonableness  of  forensic  toxic  injury  evaluations.  Topics 
include  selection  of  test  instruments,  history,  functional  assessment,  threats  to  validity,  voluntary  manipulation  of 
test  results,  chemophobia,  limitations  of  the  state  of  the  art  in  neuropsychology  and  neurobehavioral  assessment, 
base  rates,  and  norms.  Understanding  the  roles  these  topics  play  in  toxic  injury  evaluations  is  essential  to  making 
informed  judgments  about  the  quality  of  forensic  neurobehavioral  evaluations. 
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1.  Introduction 

Application  of  neurobehavioral  procedures  in 
forensic  contexts  (personal  injury  claims  and 
litigation)  poses  special  challenges  to  scientifical¬ 
ly  oriented  clinicians,  and  requires  awareness  of 
concepts  outside  the  range  of  normal  clinical  and 
scientific  evaluation.  An  understanding  of  these 
concepts  is  critical  to  judging  whether  findings 
from  forensic  neurobehavioral  examinations  are 
reasonable.  Knowing  the  purpose  of  neuro¬ 
behavioral  testing  in  toxic  injury  evaluations  is 
the  first  step  in  this  endeavor.  The  purpose  of 
neurobehavioral  assessment  in  toxic  injury  cases 
is  to  evaluate  the  patient’s  current  status  and  to 
describe  the  differences  between  the  patient’s 
neurobehavioral  functioning  pre-  and  post-expo¬ 
sure. 
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There  are  certain  essential  questions  which  are 
addressed  in  most  neurobehavioral  assessments 
of  toxic  injury.  These  include  whether  there  is  a 
neurotoxic  injury  and,  if  so,  its  nature  and  extent; 
the  cause  of  injury;  the  impact  of  the  injury  on 
important  cognitive  functions,  sensory  and  psy¬ 
chomotor  functions,  and  personality;  whether  the 
injury  is  treatable  and,  if  so.  through  what 
procedures;  the  prognosis;  and  other  conse¬ 
quences  of  the  injury. 

2.  Patient  history 

Thorough,  accurate  histories  are  necessary  if 
we  are  to  understand  the  causes  and  effects  of 
neurotoxic  injuries.  Reliance  on  inaccurate  or 
incomplete  histories  produces  misleading  and 
erroneous  conclusions.  An  extensive  array  of 
pre-injury  health  variables  confronts  the  ex¬ 
aminer  in  forensic  neurotoxic  cases. 

Studies  of  neurotoxic  injuries  are  further  com- 
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plicated  by  political,  legal,  and  media  forces 
associated  with  neurotoxic  litigation  [1-9]. 
Lawyers  have  conferences  with  patients  prior  to 
examinations,  and  decline  to  disclose  the  nature 
of  their  influence  on  the  grounds  that  such 
discussions  are  privileged.  Some  attorneys  openly 
admit  that  they  coach  clients  specifically  in  prep¬ 
aration  for  psychological  testing  [10,11]. 

Problems  with  history  which  invalidate  our 
opinions  include  inaccurate  estimates  of  pre-in- 
jury  functioning  caused  by  reliance  on  unreliable 
sources,  missing  information  about  pre-existing 
impairments  and  prior  injuries,  inaccurate  as¬ 
sumptions  regarding  pre-injury  cognitive 
capacities,  lack  of  awareness  of  psychosocial 
stressors  influencing  the  patient’s  performance, 
incomplete  data  concerning  psychological  prob¬ 
lems  or  mental  disorders,  and  the  widespread 
tendency  for  clinicians  to  presume  etiology  based 
on  lay  patients’  conclusions  about  etiology  [12— 
15]. 

3.  Confounding  factors 

Numerous  confounding  factors  complicate 
forensic  neurobehavioral  assessments,  in  addition 
to  the  usual  challenging  confounds  faced  by 
investigators  in  this  field  (e.g.,  see  [16-26]). 
Among  those  prominent  in  recent  cases  are 
influences  of  pre-existing  problems  and  psycho¬ 
logical  deficits,  use  of  inappropriate  norms, 
chemophobia,  response  biases,  third  party  in¬ 
fluences,  and  occasionally  voluntary  data  man¬ 
ipulation. 

3.1.  Concurrent  confounders  and  pre-existing 
problems 

Problems  interfering  with  valid  assessments 
include  concurrent  confounders  and  pre-existing 
problems.  Pre-existing  problems  such  as  learning 
disabilities  or  prior  injuries,  when  unknown  to 
the  examiner,  may  lead  to  conclusions  that  im¬ 
pairment  resulted  from  a  toxic  exposure  [25,27]. 
Distraction  and  pain  may  confound  test  scores. 
Thought  disorders  are  associated  with  dramatic 
disruptions  of  neurobehavioral  functioning. 
Numerous  neurotoxic  patients  utilize  psychoac¬ 
tive  substances  which  affect  neurobehavioral  test 


data.  Medications  such  as  antidepressants,  anti¬ 
anxiety  agents,  analgesics,  sedatives  and 
soporifics  all  may  affect  scores  on  neurobehavior¬ 
al  tests.  Pain  and  emotional  problems  are  a 
frequent  source  of  contamination  of  these  data. 
Anxiety  and  mood  disorders  in  particular  are 
common  confounders  in  forensic  neurobehavior¬ 
al  assessment  [28-30]. 

Neurobehavioral  assessment  presumes  the  best 
possible  performance  on  the  part  of  the  subject 
[31].  Motivation  has  a  profound  influence  on  test 
results  but  is  a  relatively  neglected  area  in  the 
literature.  For  example,  voluntary  manipulation 
of  neurobehavioral  tests  is  simple  for  most  un¬ 
trained  examinees  [32-35].  In  forensic  cases,  the 
standard  of  practice  is  to  consider  the  possibility 
of  malingering  [36].  However,  most  neuro¬ 
behavioral  tests  lack  validity  scales  or  internal 
measures  for  evaluating  the  level  of  cooperation 
of  the  patient.  External  incentives  and  social 
influences  need  to  be  carefully  considered  by 
forensic  neurobehavioral  examiners,  and  a  great 
deal  more  research  is  needed  to  address  these 
problems. 

3.2.  Use  of  unreliable  norms 

Use  of  inappropriate  norms  is  a  frequent 
threat  to  validity  [37-39].  In  many  respects,  we 
simply  do  not  know  the  appropriate  normative 
standard.  As  Reitan  (1992)  observed,  neuro¬ 
psychologists  simply  do  not  know  the  normal 
rates  of  neuropsychological  phenomena,  and  as  a 
result,  the  boundaries  between  normal  and  ab¬ 
normal  behavior  are  unclear  [40].  It  is  often 
unclear  what  percentage  of  cases  are  clinical 
injuries,  normal  variations,  or  byproducts  of 
various  confounds.  Recently  improved  norms 
have  been  introduced  which  are  more  repre¬ 
sentative  of  the  general  population  [41]  but  their 
use  remains  controversial,  e.g.,  the  issue  of  how 
well  they  apply  to  brain-damaged  patients  [42]. 

Base  rates  of  neurobehavioral  symptoms  have 
received  little  attention  in  the  neurobehavioral 
literature,  although  recently  normative  data  have 
begun  to  appear  (e.g.,  see  [43-45]).  Without 
awareness  of  prior  probabilities  of  symptoms, 
interpretation  of  presenting  complaints  is  am¬ 
biguous  and  opinions  as  to  causation  of  pathol- 


P.R.  Lees- Haley  /  Toxicology  Letters  82/83  (1995)  197-202 


199 


ogy  are  confounded  [46].  Unequivocal  neurologi¬ 
cal  abnormalities  are  common  in  asymptomatic 
patients,  and  in  the  general  population  neuro¬ 
logical  problems  are  a  frequent  occurrence  [47]. 
Statistical  variation  is  often  confused  with  injury. 

Because  of  the  ambiguity  of  underlying  base 
rates,  the  significance  of  self-reported  symptoms 
is  not  clear  and  should  not  be  relied  upon  as 
confirmatory  evidence  of  injury  to  the  brain  [42]. 
Similarly,  due  to  our  limited  knowledge  of  base 
rates,  test  sensitivity  and  specificity  are  not  clear. 
The  positive  predictive  power  of  a  test  is  often 
estimated  by  clinical  judgment  with  no  explicit 
empirical  foundation  [46].  There  are  extensive 
unmet  needs  for  epidemiological  data  pertaining 
to  neurotoxic  phenomena,  and  for  research 
clarifying  the  influences  of  confounding  factors 
affecting  neurotoxic  allegations  (e.g.,  see  [48,49]). 

3.3.  Problems  associated  with  estimating  pre¬ 
injury  functioning  retrospectively 

Pre-injury  neurobehavioral  functioning  is  com¬ 
monly  inferred  from  occupation,  but  inferences 
about  individuals  in  many  forensic  cases  tend  to 
be  more  speculative  than  informed.  Many  testify¬ 
ing  experts  are  not  familiar  with  the  cognitive 
and  intellectual  requirements  associated  with 
specific  occupations,  and  do  not  follow  the  exten¬ 
sive  literature  describing  such  requirements  (e.g., 
see  [50]). 

Occupation  may  be  a  greater  confounding 
factor  than  has  been  recognized  in  the  literature. 
Most  of  the  neurotoxic  literature  is  based  on 
studies  of  groups  which  are  average  to  below 
average  on  most  relevant  cognitive  variables,  in 
comparison  to  the  normal  population,  and  thus 
the  cases  studied  should  not  be  expected  to 
function  in  parallel  to  the  overall  population 
distribution  even  in  the  absence  of  toxic  injury. 
An  extensive  literature  is  available  for  research¬ 
ers  to  identify  expected  levels  of  proficiency  in 
functions  important  in  neurotoxic  assessments. 
For  example,  psychomotor  functions,  strength, 
intelligence,  numerical  and  verbal  capacities,  and 
many  other  cognitive  and  physical  capacities 
have  been  studied  for  many  thousands  of  occupa¬ 
tions  [51]. 

This  literature  offers  a  valuable  resource  for 


experts  needing  to  estimate  pre-injury  function¬ 
ing,  for  researchers  wishing  to  control  for  occu¬ 
pational  confounders,  and  for  treating  clinicians 
and  rehabilitation  personnel  attempting  to  de¬ 
termine  whether  the  patient  will  be  able  to  work 
in  certain  occupations  in  the  future. 

Experimental  subjects  and  controls  are  drawn 
from  different  occupations  which  vary  substan¬ 
tially  in  capacities  directly  relevant  to  the  tasks 
performed  in  neurobehavioral  assessments  [50]. 
For  example,  some  neurobehavioral  tests  require 
use  of  one’s  fingers  primarily  (as  distinct  from 
primarily  the  hands  or  entire  upper  extremities), 
e.g.,  the  Santa  Ana  and  Perdue  Pegboard. 
Strength  and  fatigue  are  a  part  of  other  tests, 
such  as  grip  strength  testing.  Virtually  all  are 
correlated  with  general  intelligence  to  varying 
degrees  [37,38].  Many  are  affected  by  clerical 
aptitude,  e.g.,  symbol  digit.  Yet  there  is  very  little 
neurobehavioral  test  data  with  which  to  rule  out 
indirect  practice  effects  and  other  differences  in 
ability  which  are  associated  with  occupation. 

Printers,  painters,  electronics  workers,  de¬ 
greasers,  dry  cleaners,  field  crop  farm  workers, 
and  general  farm  workers’  jobs  require  average 
to  low  average  intelligence  and  motor  coordina¬ 
tion  [50].  These  occupations  vary  from  frequently 
requiring  fingering  of  materials  and  objects  to  no 
significant  fingering  activities  at  all.  They  pre¬ 
dominantly  require  verbal  and  numerical  ap¬ 
titudes  in  the  low  average  range.  Their  clerical 
demands  range  from  average  to  the  lowest  10% 
of  the  working  population.  Strength  demands 
vary  widely,  from  rarely  to  frequently  requiring 
lifting,  handling  and  gripping  heavy  objects.  Not 
one  of  these  occupations  requires  above  average 
intelligence,  clerical  aptitude,  motor  coordina¬ 
tion,  or  finger  dexterity  [50].  Convenience  sam¬ 
ples  employed  as  controls  may  work  in  the  same 
general  area  or  for  the  same  company,  but  they 
may  not  have  identical  cognitive  and  physical 
capacities. 

4.  Limitations  of  the  state  of  the  art 

There  is  limited  research  on  cognitive-social 
factors  influencing  neurobehavioral  assessment. 
Yet  there  is  ample  reason  to  suspect  that  cog- 
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nitive-social  variables  are  at  play  to  a  substantial 
extent  in  toxic  injury  assessments  [1,3-8,52-55]. 

Another  difficulty  with  drawing  conclusions 
about  individual  injuries  is  that  the  literature 
deals  with  statistically  significant  conclusions 
about  groups  for  whom  the  absolute  mean  differ¬ 
ences  between  the  groups  are  often  small  and  the 
overlap  between  exposed  and  unexposed  groups 
substantial.  Attempting  to  make  point  and  band¬ 
width  predictions  about  individuals  based  on 
general  findings  of  subtle  differences  between 
overlapping  groups  is  more  an  art  of  speculation 
than  scientific  logic. 

There  is  no  generally  accepted  definition  for 
impairment,  and  conflicting  definitions  are  em¬ 
ployed  in  forensic  cases.  Test  authors  do  not  all 
use  the  same  standards,  even  for  ostensibly 
identical  or  similar  functions  such  as  intelligence 
and  memory.  There  is  a  dearth  of  empirical  data 
supporting  the  use  of  particular  cutoffs  for  con¬ 
cluding  that  deficits  exist,  with  the  current  trend 
being  to  rely  on  relative  standing  in  the  popula¬ 
tion  rather  than  the  relationships  between  test 
data  and  real  world  functioning  [41]. 

Tests  drawn  from  the  neuropsychological  li¬ 
terature  were  typically  validated  with  compari¬ 
sons  between  normals  and  obviously  grossly 
impaired  samples.  But  forensic  cases  most  com¬ 
monly  involve  patients  with  more  subtle  impair¬ 
ments,  so  expert  conclusions  offered  in  the  cour¬ 
troom  often  do  not  follow  from  the  literature. 

A  troubling  problem  in  toxic  injury  evalua¬ 
tions  is  the  tendency  of  some  psychologists  to 
refuse  to  disclose  their  data  for  scrutiny  by  the 
scientific  community  at  large  (e.g.,  see  [56]). 
Some  psychologists  argue  that  only  other  clinical 
psychologists  or  neuropsychologists  are  qualified 
to  form  opinions  about  their  work.  Errors  which 
are  readily  apparent  to  scientifically  trained  phys¬ 
iological  psychologists,  toxicologists,  epi¬ 
demiologists,  and  other  highly  qualified  neuro- 
behavioral  scientists  go  undetected  because  of 
this  intellectually  embarrassing  requirement. 
Ethical  scientists  should  make  efforts  to  oppose 
this  secretive  use  of  data;  science  in  a  closet  is 
not  science. 

Attorneys  routinely  ask  for  opinions  about 
causation  of  deficits  reflected  in  testing,  but  the 
current  state  of  the  art  of  neurobehavioral  tests 


permits  measurement  of  functions  without  pro¬ 
viding  direct  evidence  of  the  causation  of  deficits. 
Causal  relationships  are  deduced  from  the  con¬ 
text.  Although  testifying  experts  at  times  assert 
that  there  are  signature  patterns  of  test  scores 
associated  with  specific  toxic  substances,  there 
exists  no  encyclopedia  or  compendium  of  such 
patterns  established  empirically. 

5.  Litigation  factors 

Patients  in  litigation  appear  to  behave  differ¬ 
ently  than  similar  nonlitigating  patient  popula¬ 
tions  in  a  number  of  respects.  For  example,  they 
appear  to  report  more  symptoms  than  controls 
and  score  more  in  an  impaired  direction  on 
neuropsychological  tests.  Litigation  is  associated 
with  higher  base  rates  of  neurotoxic  symptom 
reporting  and  reporting  biases  in  history.  Experts 
who  wish  to  serve  as  testifying  witnesses  need  to 
study  the  base  rate  literature  and  the  emerging 
literature  on  social,  cognitive,  and  contextual 
influences  on  plaintiffs  [1,43-45,52-55]. 

6.  Conclusion 

The  field  of  neurobehavioral  assessment  of 
toxic  injuries  is  a  fascinating,  burgeoning  field  of 
investigation.  Although  subject  to  numerous  va¬ 
lidity  problems  typical  of  a  young  discipline,  the 
area  is  a  promising  one  for  future  research.  In 
particular  there  are  needs  for  reliable  measures 
of  functions  which  permit  prediction  of  perform¬ 
ance  in  activities  of  daily  living  and  employment, 
emotional  distress  and  life  satisfaction,  and  out¬ 
come  of  treatment  procedures.  Another  impor¬ 
tant  area  needing  study  is  the  influence  of  con¬ 
textual,  social,  and  cognitive  factors  associated 
with  litigation.  Finally,  there  is  a  pressing  need 
for  symptom  validation  procedures.  The  field  of 
forensic  neurobehavioral  assessment  provides 
extensive  opportunities  for  researchers  and  other 
scientifically  oriented  professionals  to  make  a 
valuable  contribution  to  society. 
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Abstract 

Neurobehavioural  techniques  are  currently  making  a  contribution  to  knowledge  in  toxicology  which  is  being  used 
to  set  safety  limits  of  exposure  to  hazards.  This,  however,  puts  pressure  on  researchers  in  the  field  to  ensure  that  the 
methods  used  are  the  best  and  most  informative  available.  A  review  of  the  neurobehavioural  tests  currently  in  use 
shows  that  there  are  a  number  of  issues  that  need  to  be  addressed  to  strengthen  and  increase  their  utility.  Issues 
include  test  selection  and  the  validity,  reliability  and  sensitivity  of  tests,  bias  and  confounding  of  measurement  in 
the  testing  session  and  problems  in  interpreting  the  results. 

Keywords:  Neurobehavioral  methods;  Behavior 


1.  Introduction 

In  the  assessment  of  effects  of  toxic  exposure, 
neurobehavioural  testing  is  beginning  to  come  of 
age.  Increasingly,  studies  are  using  neuro¬ 
behavioural  techniques  to  look  at  the  effects  of 
exposure  to  potential  toxicants  for  an  increasing 
range  of  exposures.  Despite  the  very  healthy 
growth,  the  area  is  in  danger  of  slowing  and 
stagnating  because  of  an  apparent  tendency  to 
avoid  facing  some  critical  issues  mainly  relating 
to  problems  of  confounding  of  test  measurement. 
Now  that  the  field  is  starting  to  mature,  it  is 
imperative  that  we  tackle  some  of  the  issues  in  a 
systematic  fashion.  This  paper  focuses  on  the 
reasons  why  we  may  not  be  getting  accurate 
measures  of  behaviour  change  in  the  face  of  toxic 
exposure  and  why  our  interpretations  of  behav¬ 
iour  change  may  sometimes  be  misleading. 


2.  Problems  of  making  measures  of  behaviour 

2.1.  Informed  consent 

Increasingly,  due  to  ethical  considerations, 
neurobehavioural  toxicity  testing  requires  in¬ 
formed  consent  from  study  participants.  This  can 
bias  behaviour  measurement  through  selecting 
out  only  volunteers.  To  avoid  such  bias,  where 
possible  testing  should  be  mandatory  even 
though  this  often  contravenes  other  ethical  prac¬ 
tices.  Alternatively,  we  need  to  establish  that 
non-participants  do  not  differ  from  partici¬ 
pants  on  any  important  variables.  For  example, 
only  workers  who  have  relatively  low  exposure 
to  a  hazard  may  volunteer,  so  biasing  assess¬ 
ments  of  the  neurobehavioural  function  of  the 
group. 
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2.2.  Effects  of  motivation  to  perform 

Motivational  effects  can  take  2  opposite  forms, 
subjects  trying  to  do  very  well  (faking  good)  and 
trying  to  do  poorly  (faking  bad).  Faking  good 
may  be  less  of  a  problem  in  testing  for  toxic 
exposure  effects  where  the  potential  for  com¬ 
pensation  payments  is  a  possible  reason  for 
changing  motivational  state.  Even  so,  in  many 
situations  some  workers  will  try  harder  than 
others,  with  consequent  effects  on  test  perform¬ 
ance.  It  must  be  remembered,  however,  that  all 
behaviour  requires  a  certain  level  of  motivation 
or  incentive  to  generate  it.  This  is  particularly  so 
for  tests  involving  memory  or  attention. 

Research  on  motivation  suggests,  however, 
that  raising  motivational  level  may  not  actually 
produce  large  changes  in  performance.  For  ex¬ 
ample,  monetary  incentives  improved  informa¬ 
tion  processing  performance  to  a  greater  extent 
than  did  practice  on  the  tests  but  this  effect  was 
only  seen  for  a  composite  measure  of  perform¬ 
ance  [1].  Incentives  did  not  change  the  relation¬ 
ship  between  performance  on  information  pro¬ 
cessing  tests  and  intelligence  tests,  indicating  that 
manipulating  the  emotional  state  of  the  indi¬ 
vidual  did  not  result  in  changes  in  mental  capaci¬ 
ty.  For  some  tests,  trying  harder  will  not  improve 
performance  much  and  can  even  make  perform¬ 
ance  worse.  Trying  harder  on  a  relatively  easy 
task  is  simply  not  possible  [2].  The  effects  of 
trying  hard  can  sometimes  be  seen,  however,  in 
tasks  in  which  a  speed-accuracy  trade-off  can 
occur  [3]. 

The  opposite  end  of  the  motivation  spectrum, 
faking  bad  or  malingering,  is  often  raised  as  a 
serious  difficulty  for  the  validity  of  neuro- 
behavioural  testing,  because  there  is  often  con¬ 
siderable  payoff  for  occupationally  or  environ¬ 
mentally  exposed  individuals  to  make  the  most 
of,  or  exaggerate,  any  effects  of  a  neurotoxicant. 
In  an  investigation  of  the  relationship  between 
monetary  incentives  and  poor  performance  [4], 
subjects  were  given  varying  levels  of  information 
about  how  to  fake  poor  performance  on  a 
forced-choice  memory  test  and  studied  test  per¬ 
formance  under  circumstances  where  motivation 
to  fake  was  manipulated  by  monetary  reward  if 


their  faking  could  not  be  detected.  Faking  sub¬ 
jects  produced  poor  performance  consistent  with 
the  nature  of  instructions  on  how  to  fake  but 
monetary  reward  by  contrast  did  not  produce 
any  additional  negative  effects  on  performance. 

A  few  techniques  have  been  used  to  assess  the 
possible  confounding  effects  of  motivation  level. 
The  overall  approach  is  conservative  in  attempt¬ 
ing  to  detect  individual  subjects  who  may  be 
judged  as  ‘faking’.  Techniques  include  methods 
such  as  forced-choice  tests  [5],  examining  the 
pattern  of  test  performance  such  as  variations  in 
the  speed-accuracy  trade-off  [3]  and  using  dis¬ 
criminant  function  analysis  [6].  A  method  which 
has  not  been  used  in  the  assessment  of  neuro¬ 
toxic  action  involves  Signal  detection  methodolo¬ 
gy  [7],  This  technique  differentiates  sensitivity  to 
detect  the  signal  from  the  subject’s  bias  or 
criterion  which  is  their  expectation  about  the 
likelihood  of  the  correct  response  occurring. 
Measures  of  sensitivity  are  likely  to  remain 
constant  over  situations  where  a  subject’s  criter¬ 
ion  setting  might  be  affected  by  such  factors  as 
external  motivation.  Consequently  the  method 
would  be  extremely  useful  for  both  detecting  the 
existence  and  the  extent  of  the  motivation  ef¬ 
fects. 


2.3.  Classical  confounders 
2.3.1.  Test  situation 

A  large  number  of  influences  in  the  test 
situation  have  been  shown  to  affect  performance. 
All  relate  fundamentally  to  the  general  state  of 
the  individual.  Where  the  factor  makes  significant 
changes  to  the  individual’s  level  of  arousal, 
resulting  in  either  too  little  or  too  much,  per¬ 
formance  would  be  expected  to  suffer  [8].  Evi¬ 
dence  is  available  that  factors  such  as  how  hot  or 
cold  it  is,  the  effects  of  background  noise,  the 
lighting  level  and  the  time  of  day  can  effect 
performance  [8].  While  most  studies  attempt  to 
control  for  these  factors  by  holding  them  con¬ 
stant  or  by  counterbalancing,  test  situations  such 
as  those  based  in  industry  settings  may  make 
such  actions  difficult  or  impossible.  Clearly  varia¬ 
tions  in  the  test  situation  must  not  be  overlooked 
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as  they  can  have  relatively  large  effects  on 
performance. 

2.3.2.  Testing  procedures 

Factors  due  to  the  test  procedure  may  also  be 
important.  For  example,  the  importance  of 
procedural  rigour  was  demonstrated  in  a  study  of 
the  covariates  of  peripheral  nerve  function  using 
vibrotactile  and  thermal  thresholds  and  nerve 
conduction  velocity  and  amplitude  [9,10].  For  all 
measures,  the  examiner  emerged  as  a  major 
co variate,  with  the  difference  between  examiners 
being  as  much  as  one  standard  deviation  in 
magnitude  for  some  measures.  It  is  not  clear  why 
the  examiner  exerted  such  a  large  influence  on 
these  measures  as  they  differed  in  the  degree  of 
subjectivity  they  involve,  however  these  studies 
strongly  suggest  that  measures  should  be  as 
objective  as  possible.  Methods  such  as  comput¬ 
erised  testing,  standardised  protocols  and  interra¬ 
ter  reliability  need  to  be  brought  into  play  here 
to  avoid  these  sorts  of  problem. 

2.3.3.  Effects  of  repeated  exposure  to  the  test 

It  is  well  known  that  repeated  exposure  to  a 
test  can  influence  performance  through  either  the 
effects  of  practice  or  fatigue.  For  many  tests  the 
effects  of  practice  or  of  fatigue  are  simply  not 
known.  Test  performance  can  be  changed  sig¬ 
nificantly  due  to  both  practice  and  fatigue.  Evi¬ 
dence  shows  that  a  single  repetition  of  a  test  can 
produce  a  practice  effect  which  is  sufficient  to 
counter  the  effects  of  20  or  more  years  of  ageing 
[11].  For  all  tests,  asymptotic  levels  of  perform¬ 
ance  are  reached  before  measures  are  taken  to 
represent  stable  performance  [12],  and  taking 
care  to  avoid  long  periods  of  testing.  However 
the  time  taken  to  benefit  from  practice  and  to 
show  fatigue-related  deterioration  in  perform¬ 
ance  can  be  used  as  a  useful  measure  of  toxic 
effect.  The  signal  detection  method  described 
above  would  also  be  useful  for  establishing  the 
effects  of  fatigue  on  performance. 

2.3.4.  Characteristics  of  individuals 

Differences  between  individuals  are  most  often 

raised  as  potential  confounding  factors.  These 
include  the  person’s  age,  their  level  of  education, 


and  the  extent  to  which  they  use  alcohol.  While 
most  studies  attempt  to  control  for  these  factors, 
they  often  do  so  without  establishing  either  the 
extent  of  the  influence  on  test  performance  or 
that  the  factors  actually  exert  unwanted  influ¬ 
ences  on  the  tests  in  question  over  the  age-range 
of  the  study  group.  Not  all  functions  nor  all 
aspects  of  functions  are  affected  by  age,  unless 
the  age  differences  are  very  great.  For  example, 
it  appears  that  motor  performance  slows  and 
becomes  more  variable  with  age  [13],  but  mem¬ 
ory  capacity  may  not  [14].  Factors  like  practice 
and  physical  training  have  also  been  shown  to 
minimise  the  age-related  differences  between  old 
and  young  adults  [13].  Studies  showing  differ¬ 
ences  in  motor  performance  due  to  the  age- 
related  decline  compare  very  great  differences  in 
age,  with  the  older  group  typically  in  the  60  plus 
age  group.  Most  studies  of  neurobehavioural 
effects  involve  subjects  who  are  considerably 
younger,  particularly  if  focusing  on  exposures  at 
the  workplace.  Consequently,  age-related  differ¬ 
ences  in  function  may  not  be  a  significant  prob¬ 
lem  in  many  studies. 

These  issues  are  also  relevant  to  other  as¬ 
sumed  confounding  or  nuisance  variables.  Taking 
action  to  remove  the  effects  of  these  variables 
may  not  simply  be  a  waste  of  time,  particularly  if 
post-hoc  statistical  methods  are  used.  If  the 
assumed  confounding  variable  is  significantly 
correlated  with  exposure  to  a  neurotoxicant,  as  is 
often  the  case  with  factors  like  age,  education 
level,  and  alcohol  use,  attempts  to  reduce  the 
effect  of  the  variable  can  also  reduce  the  power 
to  detect  a  difference  between  exposed  and  non- 
exposed  subjects  [15].  It  is  important  to  analyse 
the  relationships  between  confounding  variables 
and  both  dependent  and  independent  variables 
before  designing  a  study. 

3.  Problems  of  making  particular  types  of 
behavioural  measures 

Particular  types  of  measures  may  have  par¬ 
ticular  problems  or  confounders  associated  with 
them.  Standard  neuropsychological  tests  are 
often  used  in  studies  because  there  is  information 
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on  their  validity  and  reliability  [16,17].  The 
detection  of  neurotoxic  behavioural  effects,  how¬ 
ever,  places  a  number  of  constraints  on  the  use 
of  both  standard  and  novel  tests. 

3.1.  Expectations  of  a  test 

In  many  assessment  situations  the  perceived 
aim  or  face  validity  of  a  test  may  have  an  implicit 
influence  on  test  performance  for  some  indi¬ 
viduals.  For  example,  the  motivation  to  perform 
the  test  may  depend  on  the  subject’s  expectations 
from  his/her  experience  of  the  test.  Factors  like 
the  title  of  the  test  and  the  level  of  complexity  of 
the  test  (perceived  as  too  easy  or  too  difficult), 
may  cause  subjects  to  change  their  performance 
in  response  to  their  expectations  about  any 
consequences  of  particular  performance  on  a 
test.  The  extent  that  these  features  influence 
performance  is  not  understood.  Clearly  situation¬ 
al  factors  may  also  play  a  role,  but  at  the  present 
time  we  do  not  know  how  big  a  role.  There  is  a 
need  for  some  careful  research  on  the  influence 
of  these  implicit  features  on  performance  includ¬ 
ing  the  face  validity  of  tests. 

3.2.  Test  representation  and  uniqueness 

Two  essential  features  of  good  measurement 
are  the  extent  to  which  the  measures  generated 
are  reliable  and  valid.  Good  test  reliability  is 
particularly  important  because  errors  of  mea¬ 
surement  can  obscure  the  relationship  between 
dependent  (test  performance)  and  independent 
(exposure)  variables.  Test  developers  and  users 
in  this  area  have  used  tests  regardless  of  the 
reliability  of  tests  and  measures.  For  example, 
one  study  [18]  demonstrated  that  test-retest 
reliabilities  were  only  moderate  for  a  large  num¬ 
ber  of  measures  from  the  Neurobehavioral 
Evaluation  System  (NES)  [19],  one  of  the  most 
commonly  used  test  batteries.  This  has  implica¬ 
tions  for  the  utility  of  this  test  system  in  many 
settings.  In  contrast,  the  approach  used  in  the 
development  of  the  automated  performance  test 
system  (APTS)  [12]  selected  tests  on  the  basis  of 
their  stability  over  practice  for  means,  variances 


and  intertrial  correlations.  The  measures  used  in 
these  batteries  have  the  strength  of  having 
known,  high  reliabilities  available  before  the 
measures  are  used  to  any  great  extent.  Kantowitz 
[20]  makes  the  point,  however,  that  this  approach 
does  not  deal  with  the  issue  of  validity  or 
uniqueness  of  measures.  He  questions  the  com¬ 
mon  practice  of  classifying  measures  into  per¬ 
ceptual,  motor  or  cognitive  domains,  in  absence 
of  any  theory  to  guide  test  or  measure  selection. 
He  argues  that  functional  groupings  are  some¬ 
what  arbitrary,  with  little  other  than  expert 
judgement  to  support  them,  and  they  often 
overlook  the  range  of  functions  required  to 
perform  each  test  and  consquently  hamper  inter¬ 
pretation  of  test  results.  For  example,  most  tests 
in  neurobehavioural  toxicology  rely  on  visual 
stimulation,  a  fact  that  is  usually  overlooked  in 
interpreting  study  results.  If  the  toxicant  does 
have  effects  on  the  visual  system,  these  could  be 
fallaciously  interpreted  as  deficits  in  another 
functional  domain  such  as  motor  performance  or 
memory.  It  has  been  demonstrated  that  visual 
impairments  can  indeed  adversely  affect  per¬ 
formance  on  tests  which  use  vision  as  a  vehicle  to 
deliver  test  stimuli  to  other  parts  of  the  cortex 

pi]- 

A  number  of  authors  have  put  forward  an 
alternative  approach  [15,20,22,23]  maintaining 
that  the  field  needs  tests  that  relate  to  an  overall 
model  or  theoretical  framework.  Often  the 
choice  of  tests  is  defended  on  the  grounds  that 
they  are  a  pragmatic  representation  of  what 
functions  might  be  affected  based  on  previous 
research.  Kantowitz  [20]  in  contrast  maintains 
that  in  selecting  human  performance  tests  ‘theory 
is  the  best  practical  tool’. 


3.3.  Sensitivity  of  tests 

Tests  need  to  be  sufficiently  sensitive  to  detect 
neurotoxic  effects  where  they  exist.  Tests  with 
high  reliability  and  good  validity  will  help  to 
reduce  the  error  variance  so  as  to  reveal  effects 
due  to  the  independent  variable,  exposure.  Tests 
from  traditional  batteries  may  appear  to  be 
useful  as  they  usually  have  good  psychometric 


A.M.  Williamson  /  Toxicology  Letters  82/83  (1995)  203-209 


207 


qualities.  They  are,  however,  designed  to  assess 
clinically  affected  individuals,  and  are  not  chal¬ 
lenging  enough  or  do  not  have  a  large  enough 
range  of  measurement  to  pick  up  deficits  before 
they  become  either  irreversible  or  too  limiting  to 
the  individual’s  function.  Alternative  test  meth¬ 
ods  for  performance  testing  should  be  considered 
including  more  complex  tests  such  as  dual  tasks 
and  grammatical  reasoning,  self-paced  testing 
[24],  adaptive  testing  [25]  and  signal  detection 
theory  [11]. 

The  issue  of  sensitivity  in  this  area  is  rather 
like  walking  a  tightrope.  From  the  view  point  of 
interpretation,  there  is  a  limit  to  increasing 
sensitivity  of  tests.  Tests  can  become  too  sensi¬ 
tive  when  they  detect  differences  between  in¬ 
dividuals  due  to  irrelevant  factors  such  that  the 
effects  of  the  independent  variable  can  be  over¬ 
shadowed.  The  real  issue  here  is  the  acceptable 
level  of  concern.  When  is  the  size  of  the  exposure 
effect  large  enough  to  require  action?  Simply 
showing  that  exposed  groups  are  different  from 
non-exposed  may  not  be  sufficient  in  practical 
terms  if  the  size  of  the  difference  is  not  taken 
into  account.  Choosing  a  criterion  for  judgement 
is  not  easy.  Some  authors  suggested  that  the 
effects  of  aging  constitute  a  good  criterion 
[26,27].  Other  alternatives  include  effects  on 
daily  functioning  and  quality  of  life  [15]  and 
methods  to  assess  delayed  neurotoxic  effects 
[28]. 

In  a  few  instances  researchers  have  tried  to 
anchor  the  size  of  performance  deficits  in  terms 
of  the  effects  of  an  agent  which  is  known  and 
accepted  to  be  neurotoxic.  For  example,  2  groups 
have  developed  dose-response  curves  for  the 
effects  of  alcohol  on  performance  in  their  test 
batteries  [12,28].  In  both  cases  the  aim  was  to 
create  a  form  of  calibration  or  criterion  validity 
on  which  effect  sizes  of  various  exposures  could 
be  judged.  It  does,  however,  still  beg  the  ques¬ 
tion  of  when  we  should  be  concerned.  Should  it 
be  at  the  equivalent  of  0.05  blood  alcohol,  or  one 
night  without  sleep?  The  issue  of  practical  conse¬ 
quences  of  exposure  effects  which  are  picked  up 
by  sensitive  tests  is  an  important  one.  We  need  to 
pay  attention  to  it  if  neurobehavioural  testing  is 
to  be  truly  useful  in  toxicology. 


4.  Problems  of  the  interpretation  of  behaviour 

Issues  also  exist  around  the  interpretation  of 
the  results  of  neurobehavioural  tests.  These 
issues  mainly  stem  from  problems  due  to  the 
nature  of  the  study  design  and  the  consequent 
analysis  of  test  results. 

4.1.  Purpose  of  the  study 

Studies  of  neurobehavioural  effects  are  con¬ 
ducted  with  2  main  purposes,  to  screen  or  estab¬ 
lish  whether  particular  individuals  are  effected  by 
exposure  and  to  diagnose  or  determine  the 
nature  of  the  effect.  It  is  argued  that  these  2 
purposes  have  implications  for  the  inclusion  of 
different  types  of  tests  in  a  battery  [29].  Tests  for 
screening  need  to  be  suitable  for  detecting  the 
specific  effect  of  the  toxicant.  Diagnosis,  on  the 
other  hand,  requires  a  much  more  comprehen¬ 
sive  battery  in  order  to  look  at  the  range  of 
possible  effects  of  the  substance.  The  problem  is 
that  the  diagnostic  purpose  really  needs  to  be 
done  first  and  done  well  in  order  to  establish  the 
best  tests  for  screening  individuals.  The  effective¬ 
ness  of  screening  depends  to  a  great  extent  on 
the  effectiveness  of  diagnosing  what  are  the  real 
effects  of  the  toxicant.  Too  often,  in  this  field,  the 
diagnostic  work  is  largely  equivocal  or  does  not 
clarify  which  specific  effects  are  characteristic  of 
the  neurotoxicant.  The  screening  approach  is 
taken  too  early.  As  a  consequence  it  leads  to 
poor  screening  and  is  probably  one  of  the 
reasons  for  the  lack  of  resolution  about  the 
effects  of  particular  neurotoxicants  such  as  or¬ 
ganic  solvents. 

4.2.  Individual  differences  in  basic  capacity 

This  is  an  issue  because  studies  in  neuro¬ 
behavioural  toxicology  tend  to  be  cross-sectional 
in  design.  Attempts  to  match  exposed  and  con¬ 
trol  groups  on  confounding  variables  may  not  be 
very  successful.  A  variety  of  methods  have  been 
used  to  control  for  baseline  intellectual  capacity, 
including  pre-existing  intelligence  or  vocational 
test  results  taken  before  any  toxic  exposure  had 
occurred  [30],  the  use  of  monozygotic  twins  [31] 


208 


AM.  Williamson  I  Toxicology  Letters  82 183  (1993)  203-209 


prospective  study  designs  in  which  baseline  non- 
exposed  performances  are  measured  and  com¬ 
pared  to  performances  at  intervals  over  a  period 
of  exposure  years  [32]  and  through  use  of  mea¬ 
sures  taken  currently  but  judged  to  represent 
basic  intellectual  capacity  such  as  the  vocabulary 
test  from  the  WAIS  [33].  The  first  2  methods  can 
be  difficult  to  achieve  so  have  not  been  used  very 
frequently  in  neurobehavioural  toxicology 
studies.  The  last  method  is  used  much  more 
often,  but  presents  some  particular  problems  as  it 
is  very  likely  that  the  measures  of  basic  capacity 
taken  after  exposure  may  also  be  affected  by 
exposure  [34].  In  fact  it  is  possible  that  any 
measure  of  intellectual  capacity  may  be  affected 
by  the  neurotoxicant  so  making  it  impossible  to 
use  these  measures  to  show  prior  baseline  func¬ 
tioning  once  exposure  has  already  occurred. 


5.  Conclusions 

Neurobehavioural  testing  is  at  an  important 
place  in  its  development.  It  is  now  clearly  estab¬ 
lished  and  accepted  as  a  methodology  which  can 
add  to  the  body  of  knowledge  about  how  toxic 
exposure  can  affect  health  and  safety.  Unfor¬ 
tunately,  however,  there  are  many  loose  ends  to 
this  development.  Many  issues  are  unresolved 
and  are  increasingly  being  ignored  in  favour  of  a 
pragmatic  approach,  ‘let’s  get  measuring’.  Now  is 
the  time,  however,  for  us  to  reassess  our  tools 
and  to  attempt  to  build  up  the  strengths  and 
work  on  the  weaknesses.  Issues  associated  with 
the  choice  of  tests,  reliability,  validity,  sensitivity 
and  the  role  of  confounders  must  be  addressed 
before  the  field  can  move  on. 
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The  communications  media  in  Western  societies 
play  an  essential  part  in  risk  communication  to 
the  public.  Several  surveys  have  shown  that  a 
majority  of  people  get  most  of  their  information 
in  this  field  from  the  media.  Risk  reporting  has 
during  the  past  two  to  three  decades  had  a  strong 
tradition  in  the  attention  of  the  media,  occupying 
a  lot  of  different  kinds  of  journalists  and  journal¬ 
ism.  The  main  actors  when  it  comes  to  chemical 
risks  and  toxicology  are  specialists  in  environ¬ 
mental  journalism  and  medical  reporting,  but  the 
issue  is  also  handled  by  many  other  media 
players  such  as  journalist  experts  in  labour-mar¬ 
ket  and  labour-environmental  problems,  in  traf¬ 
fic  and  communication,  in  politics,  in  consumer 
journalism  and  in  scientific  writing  in  general. 

However,  like  the  toxicologists,  media  people 
are  surprisingly  unaware  that  they  are  in  fact 
communicating  risk  to  the  public.  We  do  not  talk 
in  those  terms;  we  do  not  call  each  other  risk 
journalists;  we  do  not  have  seminars  or  special 
education  in  risk  reporting.  One  reason  is  proba¬ 
bly  lack  of  knowledge  about  risk  research  and 
the  fact  that  risk  stories  are  only  one  part  of  the 
job  even  for  environmental  and  medical  report¬ 
ers.  Sometimes  this  lack  of  risk-thinking  becomes 
very  obvious,  for  instance  after  the  Chernobyl 


accident,  which  in  Sweden  and  many  other  coun¬ 
tries  created  very  confused  reporting  where  peo¬ 
ple  were  left  with  a  lot  of  unanswered  questions, 
anxiety  and  uncertainty. 

Nevertheless,  risks  have  been  on  the  media’s 
agenda  for  a  long  time  and  it  will  continue  to  be 
so.  As  with  most  other  topics  we  choose  to  cover 
and  to  transform  into  news,  the  media  mainly 
reflect  trends  and  developments  in  society;  they 
very  seldom  create  their  own  issues.  The  media 
seldom  have  the  initiative.  We  pick  up  what  is 
happening  and  we  use  the  public  interest  as  the 
main  impelling  force. 

When  it  comes  to  risks  it  is  really  rather 
simple.  Risks  are  of  great  interest  to  the  readers, 
the  viewers,  and  the  public.  That’s  why  we  write. 
Good  health  is  the  most  important  thing  in  life 
for  most  people,  as  many  surveys  have  shown. 
We  have  a  society  more  and  more  preoccupied 
with  health,  bordering  what  some  people  call 
health-fascism.  Health  has  for  some  people  be¬ 
come  a  sort  of  religion  and  we  have  a  powerful 
medical  profession  that  give  promises  to  create 
the  tools  for  this.  To  give  proper  information  and 
knowledge  on  health  issues  to  the  public  is 
therefore  an  important  task  for  the  media. 

The  undeniable  fact  is  that  health  and  en- 
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vironmental  risks  and  lifestyle  are  linked.  Doll 
and  Peto  in  their  book  The  Causes  of  Cancer 
(1980)  stated  that  about  70%  of  cancer  is  due  to 
environmental  risks,  mainly  smoking  and  nutri¬ 
tion.  The  same  risk  factors  provide  60%  of  the 
explanation  for  cardiovascular  diseases.  And 
those  two  diseases  are  undoubtedly  the  dominant 
causes  of  illness  and  death  in  Western  countries. 

In  the  same  way,  environmental  problems 
come  high  up  in  people’s  judgement  of  political 
important  questions.  They  influence  political 
elections,  and  no  political  party  can  any  longer 
ignore  the  environmental  issue.  In  almost  all 
European  countries  Green  parties  have  entered 
parliament.  The  environmental  movement  is 
strong  and  the  focus  is  more  and  more  on 
individual  responsibility  to  solve  problems.  You 
have  to  fulfil  environmental  demands  and  behave 
correctly,  recycle,  produce  less  garbage,  use  less 
gasoline,  drive  less  and  so  on.  This  outlook 
creates  the  same  need  as  do  health  issues  for 
proper  knowledge  and  information. 

In  the  medical  field,  modern  media  reporting 
on  risks  dates  back  to  the  1960s,  when  side- 
effects  of  drugs  became  a  big  issue  in  the  media 
as  a  reaction  to  the  dreadful  Thalidomide  disas¬ 
ter.  Both  the  drug  industry  and  the  medical 
profession  were  surprisingly  unprepared  for  this 
discussion,  and  the  conflict  impaired  the  relations 
between  media  and  the  industry  for  a  long  time: 
perhaps  it  still  does.  But  the  demands  for  open¬ 
ness  won.  Today  it  is  not  news  that  drugs  create 
side-effects,  and  people  can  obviously  handle  the 
necessary  risk-evaluation. 

Pollution  and  environmental  and  chemical 
risks  in  the  workplace  were  two  other  big  issues 
in  the  1970s,  fuelled  by  the  development  of 
Ames  tests  and  other  mutation  assays.  That  was 
the  time  when  many  scientists  warned  about  the 
threat  of  a  cancer  epidemic  as  a  result  of  the  new 
chemical  society,  and  tests  revealed  more  and 
more  compounds  to  be  mutagenic.  In  the  media 
we  reported  about  cancer  risks  with  one  sub¬ 
stance  after  another.  We  sounded  the  alarm  and 
cried  wolf  many  times.  Probably  one  explanation 
for  the  strong  belief  among  the  public  that 
chemical  substances  and  additives  are  the  main 
cancer  risk  is  the  media  coverage  from  those 
days. 


Doll  and  Peto  put  the  cancer  risk  area  into  its 
proper  perspective,  and  since  then  the  ‘alarm 
reporting’  has  slowly  and  gradually  matured  into 
a  more  sophisticated  health  reporting  and  a 
greater  critical  consciousness  in  the  media.  The 
growing  scientific  influence  from  modern  epi¬ 
demiology  has  also  contributed  to  this  change,  as 
we  journalists  learned  to  handle  the  special 
epidemiological  world  with  its  RR-figures,  risk 
factor-thinking  and  confounding  problems. 

In  the  past  10  years  the  AIDS  epidemic  has 
challenged  the  ethics  and  responsibility  of  the 
media.  AIDS  reporting  is  basically  a  gigantic 
case  of  risk  reporting. 

How  should  media  handle  risk  communication 
practically?  We  can  only  use  the  same  journalis¬ 
tic  traditions  and  methods  as  we  do  in  all  other 
reporting.  The  most  important  is  that  articles 
have  to  fit  in  the  media  concept,  mainly  the  focus 
on  news.  The  issue  has  to  be  presented  as  news. 
That  is  the  reason  for  publishing,  and  journalistic 
professionalism  decides  how  to  make  risk  report¬ 
ing  fit  these  demands. 

To  guarantee  that  reporting  will  be  as  good  as 
possible,  the  following  factors  are  vital. 

•A  capable  reporter  with  experience  and  knowl¬ 
edge  and  awareness  of  the  very  specific  ethical 
problems  in  risk  reporting.  The  ethical  demands 
are,  for  instance,  never  to  forget  to  distinguish 
the  big  risks  from  the  small  ones,  to  have  the 
courage  to  refrain  from  writing  about  indifferent 
and  irrelevant  things,  and  also  to  try  to  avoid 
confusing  readers  unnecessarily  or  causing  them 
to  worry  unnecessarily. 

•Articles  should  be  based  on  good  research  by 
competent  researchers.  That  means  that  the  main 
sources  should  be  the  most  well-known  scientific 
journals  with  peer-review  to  guarantee,  for  in¬ 
stance,  unbiased  statistical  standards. 

•All  stories  should  be  checked  and  evaluated  by 
other  scientists,  perhaps  with  different  opinions. 
In  controversies  all  sides  should  be  heard.  Sci¬ 
entific  doubts  should  be  shown,  and  this  means 
that  every  journalist  must  have  a  pool  of  reliable 
persons  to  talk  to. 

But  perfection  is  not  always  attainable.  Many 
factors  in  the  media  world,  including  the  follow¬ 
ing,  can  create  mistakes  and  failures  in  spite  of 
the  best  intentions  and  ambitions. 
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•The  difference  between  different  media:  many 
widespread  media  such  as  television  are  develop¬ 
ing  towards  ever  faster  and  shorter  reporting  - 
known  as  the  CNN  syndrome  -  where  the  news 
is  transformed  into  commercial  goods.  This  ten¬ 
dency  supports  superficial  news  reporting  in 
‘black  and  white’,  without  time  to  explain  and 
allow  for  uncertainties.  Many  pressure-groups, 
for  instance  Greenpeace  and  AIDS  activists, 
have  learned  to  use  these  aspects  of  the  media 
and  their  actions  are  tailored  to  fit  the  demands 
of  the  modern  television  industry.  Newspapers 
have  partly  fallen  into  the  same  trap,  with  the 
same  superficial  and  simplified  approach,  but 
these  media  also  try  to  maintain  a  more  qualified 
type  of  reporting.  This  information  is  more  and 
more  directed  only  to  the  well  educated.  This  is  a 
growing  social  class  problem  that  also  affects  the 
whole  issue  of  risk  information. 

•Time-pressure  is  another  important  factor. 
Daily  media  are  created  new  every  day,  and  it  is 
a  constant  dilemma  that  journalists  always  have  a 
very  short  time  to  write  articles.  That  limits  the 
possibilities  to  talk  to  all  the  necessary  people 
and  to  carry  out  all  the  checks. 

•Not  all  risk- writing  is  done  by  experienced  and 
specialized  journalists.  Media  are  a  news-factory 
that  works  all  the  time,  and  much  of  the  im¬ 
portant  newswork  is  done  by  so-called  general 
journalists  who  handle  a  lot  of  different  matters 
and  cannot  be  expected  to  know  everything. 
•The  communication  between  the  journalist  and 
the  scientist  can  easily  go  wrong.  It  is  a  meeting 
between  two  separate  subcultures  with  totally 
different  traditions,  and  good  communication 
demands  a  respect  that  unfortunately  is  seldom 


there.  The  scientist  should  try  to  avoid  manip¬ 
ulating  and  talking  on  his  or  her  own  behalf,  and 
give  the  whole  picture. 

What  is  the  outcome  of  media  reporting  on 
risks?  Well,  we  all  know  the  great  discrepancy 
between  the  experts  and  the  public  in  risk 
perception.  A  very  popular  explanation  even 
among  some  experts  is  to  blame  the  media  for 
bad  and  wrong  reporting,  but  that  is  an  oversim¬ 
plification.  For  instance,  the  latest  study  in 
Sweden  on  attitudes  to  AIDS  shows  that  in  1994 
-  after  almost  15  years  of  the  AIDS  epidemic  - 
28%  of  the  Swedish  people  still  thought  that  the 
HIV  virus  could  be  spread  by  insects  and  16% 
from  public  toilets,  even  though  these  misconce¬ 
ptions  have  never  appeared  in  the  media  -  if 
anything,  the  media  have  tried  to  correct  them. 

In  a  big  campaign  in  California  recently,  re¬ 
searchers  used  media  -  both  articles  and  adver¬ 
tisements  -  to  encourage  people  to  eat  fruit  and 
vegetables  five  times  a  day,  a  common  message 
for  cancer  prevention.  But  the  campaign  failed 
totally.  No  effect  could  be  observed,  although  the 
requested  behavioural  changes  were  relatively 
minor. 

Information  and  knowledge  are  important,  but 
the  public’s  views  and  reactions  are  decided  by 
many  other  things,  for  instance  the  so-called 
outrage  phenomenon  -  the  fact  that  people 
choose  what  they  read  and  believe  in.  They  have 
a  tendency  to  look  for  facts  that  support  their 
existing  beliefs.  However,  the  journalistic  chal¬ 
lenge  is,  of  course,  to  continue  to  give  proper 
information,  and  maybe  we  have  to  accept  the 
fact  that  people  have  a  proportion  of  irrationali¬ 
ty:  this  may  be  a  part  of  being  human. 
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Abstract 

Hepatic  nitric  oxide  (NO)  biosynthesis  is  induced  by  local  or  systemic  inflammation.  The  highly  reactive  NO 
radical  binds  to  prosthetic  iron  groups  such  as  heme  or  iron-sulfur  clusters  leading  to  either  activation  or  inhibition 
of  enzymes  such  as  guanylate  cyclase,  cyclooxygenase  and  aconitase.  It  has  been  known  for  years  that  NO  also 
binds  to  the  heme  moiety  of  cytochrome  P450s  (CYP)  with  high  affinity.  However,  it  was  demonstrated  recently 
that  binding  of  NO  to  CYPs  also  inhibits  their  enzymatic  activity.  This  is  true  for  exogenously  applied  as  well  as  for 
endogenously  synthesized  NO.  Suppression  of  CYP-dependent  metabolism,  which  is  a  major  problem  of 
inflammatory  liver  diseases,  can  be  significantly  reversed  by  inhibition  of  NO  synthesis  in  vivo  under  experimental 
conditions.  We  investigated  whether  these  findings  are  applicable  as  a  novel  therapeutic  principle  in  severe 
inflammatory  liver  dysfunction. 

Keywords:  Nitric  oxide;  Inflammation;  Cytokines;  Liver;  Cytochromes  P450 


1.  Introduction 

The  liver  plays  a  central  role  in  the  response  of 
the  organism  to  inflammatory  stimulation.  At  the 
beginning,  during  the  so-called  acute-phase  re¬ 
sponse,  hepatic  metabolism  is  activated  to 
produce  various  proteins  and  nutrients,  which 
generally  support  the  body‘s  defense  systems. 
However,  in  the  late  course  of  severe  inflamma¬ 
tory  diseases,  specifically  in  septic  states,  the 
metabolic  capacity  of  the  liver  is  progressively 
impaired  and  may  end  in  liver  dysfunction  in  the 
context  of  multiple  organ  failure. 

As  a  novel  aspect  of  liver  metabolism  during 
inflammation,  increased  nitric  oxide  (NO)  bio- 
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synthesis  was  described  in  hepatocytes  as  well  as 
in  non-parenchymal  liver  cells  [1].  In  vitro 
studies  demonstrated  that  bacterial  toxins,  such 
as  endotoxin,  and  proinflammatory  cytokines, 
including  tumor  necrosis  factor  a  (TNFa), 
interleukin-1  (IL-1)  and  interferon  gamma 
(IFNy)  are  the  most  important  inducers  of  NO 
biosynthesis  in  liver  cells  [2].  In  hepatocytes,  the 
presence  of  all  4  of  these  inducers  is  required  for 
maximal  NO  production  due  to  a  complex  mech¬ 
anism  of  transcriptional  regulation  of  the  respon¬ 
sible  enzyme,  the  inducible  nitric  oxide  synthase 
(iNOS)  [3].  Induction  of  the  iNOS  can  be  sup¬ 
pressed  by  glucocorticoids  and  other  mediators, 
especially  by  growth  factors  (Table  1).  Stimula¬ 
tion  of  iNOS  transcription  followed  by  massive 
NO  production  was  reported  in  various  species, 
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Table  1 


Transcriptional  regulation  of  hepatocellular  iNOS 


Inducers 

Suppressors 

TNFer 

Glucocorticoids 

IL-1 

TGF  a/j3 

IFNy 

HGF 

LPS 

EGF 

including  rodents  as  well  as  humans  [4,5].  Regu¬ 
lation  of  NO  biosynthesis  on  the  transcriptional 
level  and  the  level  of  cofactor  supply  for  en¬ 
zymatic  activity  appears  to  be  similar  in  all 
species  studied  so  far. 

In  vivo  induction  of  hepatic  NO  synthesis  was 
reported  in  rodents  following  injection  of  inacti¬ 
vated  corynebacterium  parvum  and  malaria 
sporozoites  as  well  as  in  endotoxemia  and  gram¬ 
negative  sepsis.  Inflammatory  diseases  which  are 
accompanied  by  hepatic  NO  biosynthesis  are  not 
yet  well  defined  in  humans.  Preliminary  results 
suggest  that  iNOS  expression  may  yield  a  suffi¬ 
cient  concentration  of  NO  to  fight  off  viruses, 
bacteria,  and  parasites,  and  may  play  a  role  in 
other  situations  as  well,  such  as  rejection  epi¬ 
sodes  following  liver  transplantations  [1]. 

2.  Pathology  and  pathophysiology  of  NO 
biosynthesis  in  the  liver 

In  animals  treated  with  corynebacterium  par¬ 
vum  and  lipopolysaccharide  (LPS),  inhibition  of 
NO  biosynthesis  resulted  in  liver  damage  as 
indicated  by  elevation  of  liver-specific  intracellu¬ 
lar  enzymes  in  the  serum  [6].  Histologic  sections 
showed  microvascular  thrombosis  as  a  possible 
explanation  for  these  effects.  Further  studies 
demonstrated  that  NO  and  cyclooxygenase  prod¬ 
ucts  interact  in  preventing  thrombus  formation 
under  these  inflammatory  conditions  [7].  It  was 
also  demonstrated  that  the  protective  role  of  NO 
is  in  part  based  on  the  reaction  of  NO  with 
oxygen  radicals,  since  scavengers  of  superoxide 
and  hydroxyl  radicals  were  able  to  mostly  pre¬ 
vent  the  damage  caused  by  inhibitors  of  NO 
synthesis  [8]. 

Using  a  model  of  acute  murine  endotoxemia 
other  investigators  showed  a  NO-mediated  up- 
regulation  of  hepatic  protein  synthesis  [9].  This 


phenomenon  is  most  likely  due  to  the  induction 
of  the  acute  phase  response  of  the  liver  which 
seems  to  be  supported  by  an  increase  of  perfu¬ 
sion.  In  this  context,  it  is  well  established  that 
NO  regulates  microvascular  perfusion,  which  is 
the  basis  for  appropriate  organ  function.  It  was 
demonstrated  that  blood  flow  is  profoundly  en¬ 
hanced  by  endogenous  NO  synthesis  in  the  liver 
as  it  is  in  many  other  organs  [10]. 

Additionally,  most  in  vitro  investigations 
found  suppressive  effects  of  NO  on  metabolic 
performance  of  liver  cells.  For  instance,  the 
induction  of  NO  synthesis  in  hepatocytes  is 
accompanied  by  a  profound  inhibition  of  total 
cellular  protein  synthesis  [11].  The  levels  of 
mRNA  of  secretory  proteins,  such  as  albumin 
and  fibrinogen,  were  found  not  to  be  changed  by 
NO  while  the  concentration  of  these  proteins  in 
the  culture  supernatants  was  substantially  de¬ 
creased  when  the  cells  were  exposed  to  exogen¬ 
ously  applied  NO.  This  indicates  a  posttranscrip- 
tional  mechanism  by  which  NO  inhibits  the 
synthesis  of  these  proteins  [12].  The  exact  molec¬ 
ular  basis  of  this  effect  of  NO  still  remains  to  be 
uncovered.  These  data  indicate  that  NO  is  a 
substance  with  many  different  facets  which  might 
produce  an  overall  picture  that  is  different  from 
specific  effects  on  single  metabolic  pathways. 

3.  Biochemistry  of  NO-mediated  effects  on 
liver  function 

The  highly  reactive  NO  radical  avidly  binds  to 
many  different  molecules  and  structures  which 
are  present  in  a  subcellular  environment  (Table 
2).  This  very  characteristic  behavior  of  radicals  is 
responsible  for  the  short  half-life  of  NO,  which  is 
in  the  range  of  a  few  seconds  in  biological 
solutions,  and  the  plethora  of  biological  effects  of 
NO  [13].  So  far,  most  of  the  effects  of  NO  in 
terms  of  regulation  of  metabolic  pathways  were 
shown  to  be  due  to  binding  to  prosthetic  iron 
groups. 

Using  electron  paramagnetic  resonance 
(EPR),  it  was  demonstrated  that  hepatocyte  NO 
biosynthesis  predominantly  leads  to  the  forma¬ 
tion  of  iron-nitrosyl  compounds  [14].  The  EPR 
signal  was  found  to  be  very  similar  to  the  one 
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Table  2 

Molecular  basis  of  biological  effects  of  NO 

Chemical  reaction 

Biological  effects 

Binding  to  prosthetic  iron  groups(heme,  iron-sulphur  clusters) 

Binding  to  thiols 

Deamination 

Reaction  with  other  radical  species 

Modulation  of  enzyme  activity,  generation  of 
methemoglobin 

Alteration  of  the  functional  capacity  of  specific  proteins, 
transport  of  NO 

Destruction  of  DNA 

Neutralization,  enhancement  of  toxicity 

generated  by  NO-binding  to  spinach  ferredoxin, 
which  contains  4Fe-4S  clusters.  However,  since 
EPR  signals  under  these  conditions  represent  a 
summation  of  many  different  signals,  other  forms 
of  NO  binding  may  not  have  been  identified. 
Furthermore,  the  signal  was  detectable  in  the 
cytosolic  fraction  of  the  cells  only,  suggesting 
that  there  is  no  NO-mediated  inhibition  of  en¬ 
zyme  complexes  of  the  mitochondrial  electron 
transport  chain,  which  do  contain  iron-sulphur 
clusters  [15],  rather  than  NO  reactions  with 
scavenger  molecules  such  as  metallothionein, 
which  is  thought  to  protect  the  electron  transport 
chain  [16]. 

However,  many  biological  effects  of  NO  are 
based  on  binding  to  prosthetic  heme  groups.  The 
most  prominent  example  of  a  heme-containing 
enzyme,  which  is  regulated  by  NO,  is  the  soluble 
guanylate  cyclase.  NO-dependent  cGMP  forma¬ 
tion  was  demonstrated  in  hepatocytes  just  as  in 
many  other  cell  types  [17].  Other  examples  of 
hemoprotein  activities  regulated  by  NO  include 
cyclooxygenase  [18],  lipoxygenase  [19]  and  catal¬ 
ase  [20].  While  the  influence  of  NO  on  cyclo¬ 
oxygenase  and  lipoxygenase  activity  may  be 
important  for  the  production  of  eicosanoids  in 
the  liver  by  Kupffer  cells  [21],  the  inhibitory 
effects  of  NO  on  catalase  activity  have  to  be 
analyzed  in  situations  where  detoxification  of 
oxygen  radicals  is  important  in  the  liver. 

4.  Inhibition  of  cytochrome  P450  activity  by 
NO 

A  specific  family  of  heme-thiolate  enzymes, 
the  cytochrome  P450  (CYP)  enzymes,  play  the 
key  role  in  biotransformation.  It  has  been  known 
for  decades  that  NO  binds  to  the  heme  moiety  of 


CYPs,  and  which  was  used  as  a  spin  label  probe 
for  CYPs  [22].  However,  only  recently  it  was 
reported  that  treatment  of  these  enzymes  with 
exogenously  applied  NO  inhibits  their  catalytic 
activity  [23].  Using  microsomal  preparations  and 
purified  CYPs  it  was  also  demonstrated  that 
various  CYP-dependent  reactions  show  differ¬ 
ences  in  the  susceptibility  towards  the  inhibitory 
effects  of  NO.  Most  interesting  was  the  observa¬ 
tion  of  2  distinct  phases  of  CYP  inhibition  by  NO 
[23].  The  first  phase  was  characterized  by  revers¬ 
ible,  but  almost  complete  cessation  of  catalytic 
activity,  followed  by  a  second  irreversible  phase 
characterized  by  a  varying  extent  of  recovery  of 
activity.  These  findings  led  to  the  suggestion  that 
NO  may  inhibit  CYP  enzyme  activity  by  2 
distinct  mechanisms.  One  may  be  binding  of  NO 
to  the  heme  group  in  the  catalytic  center  of  these 
enzymes.  This  notion  is  supported  by  a  study  of 
Khatsenko  et  al.  [24]  who  demonstrated  charac¬ 
teristic  changes  in  absorption  spectra  which  indi¬ 
cate  that  NO  binds  to  the  ferrous  as  well  as  to 
the  ferric  state  of  CYP  enzymes.  Further  support 
of  this  hypothesis  was  presented  by  Lancaster  et 
al.  [20]  who  found  microsomal  heme  loss  and 
consequently  an  increase  in  heme-oxidase  activi¬ 
ty  in  isolated  hepatocytes  when  NO  biosynthesis 
was  induced. 

In  our  own  laboratory,  we  produce  genetically 
engineered  cell  lines,  which  constitutively  express 
specific  CYP  enzymes  [25].  The  cell  lines  are 
derived  from  V79  Chinese  hamster  fibroblasts 
which  do  not  express  any  endogenous  CYP  or 
NOS  activity.  Therefore,  they  are  ideal  tools  for 
studying  the  effects  of  NO  on  CYP  activity.  In  a 
first  set  of  experiments,  we  tested  cell  lines 
expressing  rat  and  human  CYP1A1  and  CYP1A2 
and  found  that  these  enzymes  were  inhibited  by 
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NO  donors  SNP  and  SNAP  in  a  concentration- 
dependent  manner  [26].  It  was  also  demonstrated 
that  CYP1A1  was  more  sensitive  towards  the 
inhibitory  effect  of  NO  than  CYP1A2  in  both 
species.  Further  experiments  focused  on  the 
effects  of  endogenously  produced  NO  on  CYP- 
dependent  pathways  in  hepatocytes.  Under  the 
influence  of  NO  biosynthesis,  benzo[«]pyrene 
turnover,  which  reflects  the  activity  of  the 
CYP1A  family,  was  dramatically  reduced  to 
almost  unmeasurable  levels.  The  addition  of  NG- 
monomethyl-L-arginine,  a  competitive  inhibitor 
of  NO  synthesis,  led  to  a  significant  increase  in 
CYP  activity.  Western  blot  analysis  demonstrated 
that  the  concentrations  of  CYPs  per  mg  total 
protein  were  only  marginally  decreased  by  NO 
synthesis.  This  is  most  probably  the  result  of  the 
suppressive  effect  of  NO  on  total  protein  syn¬ 
thesis  [12].  In  contrast,  Northern  blot  analysis 
revealed  a  significant  decrease  of  CYP  mRNA 
expression  in  hepatocytes,  which  were  induced  to 
produce  NO.  Summarizing  these  results,  it  seems 
that  NO  has  an  immediate  direct  effect  on  CYP 
catalytic  activity  and  a  secondary  long-term  ef¬ 
fect  which  suppresses  CYP  activity  by  gene 
inhibition. 

As  mentioned  above,  isolated  biochemical 
effects  of  NO  on  isolated  hepatocytes  cannot 
necessarily  be  extrapolated  into  changes  of  com¬ 
plex  pathways  of  liver  function.  However,  using 
an  experimental  model  of  endotoxemia,  Khat- 
senko  et  al.  were  able  to  confirm  the  in  vitro  data 
of  NO-mediated  CYP  inhibition  under  in  vivo 
conditions  [24].  The  authors  demonstrated  a 
significant  correlation  between  inhibition  of  CYP 
activity  and  induction  of  NO  biosynthesis  in  rats 
treated  with  i.p.  injections  of  LPS.  NO  synthesis 
as  well  as  suppression  of  CYP  activity  were 
largely  prevented  when  these  animals  received 
A^-nitro-L-arginine  methyl  ester  prior  to  LPS 
administration.  However,  this  experimental  setup 
is  not  perfectly  relevant  in  terms  of  potential 
clinical  applications.  Since  in  the  clinical  situation 
the  inflammatory  process  will  almost  always 
precede  a  therapeutical  intervention  we  tested 
the  effect  of  AG-monomethyl-L-arginine  after  the 
induction  of  NO  biosynthesis  in  the  model  of 
corynebacterium  parvum  injection.  Our  prelimin¬ 


ary  results  demonstrate  a  significant  improve¬ 
ment  of  CYP-dependent  metabolic  reactions  as 
determined  by  benzo[a]pyrene  hydroxylation. 

Although  these  data  imply  an  important  role 
of  NO  in  the  regulation  of  CYP-dependent 
metabolic  processes  in  the  liver,  future  studies 
have  to  clarify  whether  this  mechanism  is  indeed 
relevant  for  the  clinical  situation.  If  this  is  the 
case,  novel  therapeutic  strategies  may  be  the 
consequence. 
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Abstract 

Since  the  discovery  of  nitric  oxide  (NO)  as  an  endogenously  formed  radical,  its  effect  on  numerous  physiological 
processes  has  been  intensively  investigated.  Some  studies  have  suggested  NO  to  be  cytotoxic  while  others  have 
demonstrated  it  protective  under  various  biological  conditions.  Though  NO  shows  minimal  cytotoxicity  to  a  variety 
mammalian  cell  cultures,  it  does  modulate  the  toxicity  of  some  agents  such  as  reactive  oxygen  species.  Often,  NO  is 
generated  in  the  presence  of  these  reactive  oxygen  species  in  response  to  foreign  pathogens  or  under  various 
pathophysiological  conditions.  We  will  show  that  NO  can  play  a  protective  role  under  oxidative  stress  resulting  from 
superoxide,  hydrogen  peroxide  and  alkyl  peroxides.  It  was  found  by  measuring  the  time-concentration  profiles  of 
NO  released  from  various  NO  donor  compounds  that  only  /x M  levels  of  NO  were  required  for  protection  against 
the  toxicity  of  these  reactive  species.  It  was  found  that  there  are  several  chemical  reactions  which  may  account  for 
these  protective  effects  such  as  NO  preventing  heme  oxidation,  inhibition  of  Fenton-type  oxidation  of  DNA,  and 
abatement  of  lipid  peroxidation.  Taken  together,  NO  at  low  concentrations  clearly  protects  against  peroxide- 
mediated  toxicity. 

Keywords:  Nitric  oxide;  Oxidative  stress;  Oxygen  radicals 


1.  Introduction 

Reactive  chemical  intermediates  derived  from 
various  substances  have  been  invoked  as  causa¬ 
tive  agents  in  many  toxicological  mechanisms. 
Oxygen  free  radicals  are  thought  to  be  the 
causative  agents  in  a  wide  variety  of  diseases  and 
degenerative  states  [1].  Yet,  immune  surveillance 
produces  these  reactive  molecules  to  combat 
foreign  pathogens.  The  primary  mechanism  to 
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form  these  reactive  intermediates  is  often  re¬ 
ferred  to  as  a  Fenton-type  reaction  which  is  the 
reaction  between  hydrogen  peroxide  and  redox 
active  metals  to  produce  powerful  oxidants  which 
can  oxidize  a  wide  number  of  important  bio¬ 
molecules. 

M  +  H202  -»  M=0,  M(H202)  and/or  OH-  (1) 

These  oxidation  reactions  are  thought  to  be  the 
genesis  of  many  diseases  [2]. 

Recently,  the  discovery  that  the  molecular  free 
radical,  nitric  oxide  (NO),  is  endogenously 


0378-4274/ 95/ $09.50  ©  1995  Elsevier  Science  Ireland  Ltd.  All  rights  reserved 
SSDI  0378-4274(95)03557-2 


222 


D.A.  Wink  et  at.  /  Toxicology  Letters  82/83  (1995)  221-226 


formed  in  biological  systems  regulating  a  wide 
variety  of  physiological  functions  has  lead  to  the 
investigation  of  the  role  this  molecule  plays  in 
various  toxicological  mechanisms  [3-5].  It  has 
been  known  for  years  that  this  molecule  forms 
various  reactive  nitrogen  oxide  species  (RNOS) 
in  the  presence  of  oxygen  which  can  be  deleteri¬ 
ous  to  biological  systems  [6].  Intermediates 
formed  in  the  NO/02  reaction  (sometimes  re¬ 
ferred  to  as  the  autoxidation  of  NO)  can  oxidize 
or  nitrosate  substrates  which  can  lead  to  altera¬ 
tion  of  macromolecules  such  as  enzymes  and 
DNA  [7].  In  addition  to  these  reactive  species 
formed  from  the  autoxidation,  NO  reacts  with 
the  oxygen  radical  species,  superoxide,  at  near 
diffusion  control  to  form  the  potent  oxidant  [8], 
peroxynitrite,  which  can  chemically  modify  many 
biological  molecules.  This  mechanism  via  perox¬ 
ynitrite  formation  has  been  suggested  to  enhance 
the  cytotoxicity  of  superoxide  [9-11]. 

Contrary  to  the  deleterious  effects  of  RNOS 
formed  from  either  N0/02  and  NO/OJ,  NO 
possesses  antioxidant  properties.  Kanner  et  al. 
showed  that  NO  could  prevent  the  destruction  of 
hemoproteins  by  hydrogen  peroxide  and  abate 
Fenton-type  oxidation  reactions  [12].  Several 
studies  have  suggested  that  NO  can  act  as  a  chain 
breaking  antioxidant  in  lipid  peroxidation  reac¬ 
tions  and  play  a  beneficial  role  in  diseases  such  as 
atherosclerosis  [13,14].  So  is  NO  good  or  bad? 
The  answer  may  depend  on  where  and  when 
these  intermediates  are  formed.  This  report  will 
discuss  some  of  the  protective  effects  of  NO  with 
respect  to  oxygen  free  radicals  and  offer  some 
insight  as  to  where  this  protective  effect  might 
occur  in  vivo.  We  will  review  NO’s  effect  on 
hydrogen-  and  alkylhydro-peroxide-mediated 
cytotoxicity  and  what  effect  this  molecule  has  on 
the  superoxide  generating  system,  hypoxanthine/ 
xanthine  oxidase  (XO)-mediated  toxicity. 

2.  NO  protection  against  hydrogen  peroxide 
toxicity 

It  has  been  known  for  a  number  of  years  that 
chemical  species  derived  from  the  reduction  of 
oxygen,  i.e.  hydrogen  peroxide  and  superoxide, 


cause  cell  death  in  both  eukaryote  and 
prokaryote  organisms.  The  reaction  of  hydrogen 
peroxide  with  various  redox  active  metal  com¬ 
plexes  leads  to  formation  of  powerful  oxidants 
such  as  hydroxyl  radical  or  metal-oxo  inter¬ 
mediates  (Eq.  1).  These  oxidants  can  oxidize 
DNA  which  ultimately  results  in  cell  death  [15]. 
Since  intermediates  derived  from  NO  can  also 
alter  biomacromolecules,  it  would  be  assumed 
that  the  presence  of  NO  might  enhance  the 
toxicty  of  reactive  oxygen  species  (ROS).  We 
therefore  decided  to  address  this  question  by 
using  a  chemical  approach. 

One  of  the  difficulties  in  determining  the 
effects  of  NO  on  various  biological  systems  is  the 
method  of  delivery.  The  enzyme  nitric  oxide 
synthase  (NOS)  can  continuously  generate  NO 
for  prolonged  periods  of  time  in  vivo.  Duplicat¬ 
ing  the  enzymatic  production  of  NO  chemically  is 
challenging.  NO  has  a  limited  lifetime  in  aqueous 
solution  due  to  its  reaction  with  oxygen  [16], 
hence  simple  addition  of  NO  or  any  other  RNOS 
may  not  represent  the  physiological  condition. 
Recently,  a  variety  of  NO-donor  compounds 
have  been  used  to  simulate  NO  formed  in  vivo. 
Sodium  nitroprusside  and  SIN-1  have  often  been 
used  as  NOS  mimics.  Despite  their  vasodilatory 
activity,  they  do  not  release  significant  levels  of 
free  ‘NO’  [17].  S-nitrosothiol  complexes  have 
been  used  which  do  release  detectable  NO  levels, 
however,  the  rate  of  release  differs  between 
media  and  the  chemical  kinetics  of  NO  release  is 
still  poorly  understood  [18].  A  series  of  com¬ 
pounds  known  as  the  NONOates  (RR'N- 
[N(0)N0])  spontaneously  release  NO  in  a  pre¬ 
dictable  manner  [19,20].  By  varying  the  nature  of 
the  alkyl  group,  the  release  of  NO  can  be  varied 
from  as  short  as  1  min  to  as  long  as  3  days  [20]. 
These  properties  made  them  ideal  to  study  the 
effects  of  NO  on  oxygen  radical  toxicity. 

Exposure  of  Chinese  hamster  V79  cells  to 
varying  concentrations  of  hydrogen  peroxide 
resulted  in  increasing  cell  death  as  assayed  by 
clonogenic  methods.  Exposure  to  diethanolamine 
(DEA)/NO  (Et2N[N(0)N0  Na  +  )  (NONOate 
with  half-life  of  2.1  min)  results  in  no  appreciable 
toxicity  by  itself  [21],  in  fact  exposure  of  V79 
cells  to  a  variety  of  1  mM  NO-donor  compounds 


D.A.  Wink  et  al.  /  Toxicology  Letters  82183  (1995)  221-226 


223 


or  a  bolus  of  NO  showed  little  or  no  toxicity  [22]. 
However,  exposure  to  0.1  mM  DEA/NO  with  1 
mM  H202  resulted  in  abatement  of  the  hydrogen 
peroxide  toxicity.  The  decomposition  products  of 
DEA/NO,  diethyl  amine  and  nitrite,  afforded  no 
protection  against  hydrogen  peroxide-mediated 
toxicity,  in  fact  sodium  nitrite  enhanced  cytotox¬ 
icity.  It  was  concluded  that  NO  released  from 
DEA/NO  was  protective  against  hydrogen 
peroxide  toxicity  [21,22]. 

3.  NO  protection  against  alkyl  hydroperoxides 

These  studies  were  further  extended  to  include 
alkyl  hydroperoxides  which  are  thought  to  medi¬ 
ate  their  toxic  effects  at  least  in  part  via  the 
destruction  of  lipid  membranes.  The  cumene  and 
f-butyl  alkyl  hydroperoxides  were  exposed  to 
Chinese  hamster  V79  lung  fibroblasts  cells  for  2 
h.  A  dose-dependent  increase  in  cell  kill  was 
observed.  Addition  of  DEA/NO  resulted  in  no 
protection  contrary  to  that  observed  with  hydro¬ 
gen  peroxide  [23].  Since  DEA/NO  liberates  NO 
within  the  first  few  minutes  of  exposure,  the 
NONOate,  PAPA/NO  [(NH3+(C3H6)- 
(N[N(0)N0]~C3H7)),  t1/2  15  min  at  37°C,  pH 
7.4)  was  chosen  which  can  release  NO  for  over 
an  hour.  Exposure  of  PAPA /NO  by  itself  re¬ 
sulted  in  little  or  no  toxicity  after  a  2-h  exposure 
time.  When  either  cumene  or  f -butyl  hydro¬ 
peroxide  was  exposed  with  0.1  M  PAPA /NO, 
near  complete  protection  was  observed  [23].  This 
suggests  that  NO  can  abate  the  toxicity  of  alkyl 
hydroperoxides. 

Why  did  PAPA /NO  protect  while  DEA/NO 
did  not  despite  10  times  more  NO  being  released 
from  DEA/NO?  This  suggested  that  the  quanti¬ 
ty  of  NO  exposed  to  cells  was  not  as  important  as 
the  duration  of  NO  formation  [23].  As  will  be 
discussed  below  the  NO  time  profile  is  important 
to  understanding  the  mechanism  of  these  protec¬ 
tive  effects. 


4.  NO  protection  against  XO 

The  near  diffusion  controlled  reaction  between 


superoxide  and  NO  to  form  the  powerful  oxid¬ 
ant,  peroxynitrite  [8],  has  been  suggested  as  a 
deleterious  mechanism. 

NO  +  O,  OONO"  (2) 

Synthetically  generated  peroxynitrite  can  oxidize 
a  number  of  biologically  important  molecules. 
Since  the  biological  formation  of  this  species 
would  result  from  a  separate  formation  of 
superoxide  and  NO,  we  decided  to  examine  the 
effects  of  NO  in  the  presence  of  enzymatically 
02  generating  on  cell  toxicity.  When  V79  cells 
were  exposed  to  hypoxanthine  (HX)  and  XO  for 
various  time  intervals,  there  was  an  increase  in 
cell  kill  with  time  of  exposure.  Using  2 
NONOates,  SPER/NO  (t1/2  =  39  min)  and 
DEA/NO  (t1/2=  2.1  min)  marked  protection 
was  observed  similar  to  that  seen  for  hydrogen 
peroxide  [21].  It  was  concluded  that  NO 
protected  cells  from  XO  cytotoxicity  [21]. 
Furthermore,  when  the  toxicity  of  several  re¬ 
active  molecules,  NO,  RNOS,  02  ,  and  hydrogen 
peroxide  were  compared,  it  was  concluded  that 
peroxides  were  far  more  toxic  to  cells  than  these 
other  intermediates  [21].  In  fact,  peroxides  were 
100  times  more  toxic  than  NO  or  RNOS.  In 
addition,  these  experiments  suggest  that  despite 
the  probable  formation  of  extracellular  perox¬ 
ynitrite,  NO  is  still  protective  against  the  toxicity 
by  species  derived  from  the  enzymatic  reduction 
of  oxygen. 


5.  Effects  of  various  NO  donor  complexes  on 
ROS 

The  electrochemical  measurement  of  NO  re¬ 
leased  from  the  NONOates  has  given  insight  into 
the  importance  of  temporal  considerations  with 
respect  to  NO’s  antioxidant  properties  [23].  Sev¬ 
eral  studies  have  used  other  NO  donor  com¬ 
pounds  which  have  been  thought  to  involve  the 
chemical  delivery  of  NO  to  biological  systems. 
For  instance  sodium  nitroprusside  and  SIN-1 
have  been  often  thought  to  represent  NO  chemi¬ 
cally.  However,  when  electrochemical  techniques 
were  used  to  detect  NO  released,  no  appreciable 
NO  was  detected  from  either  of  these  com- 
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pounds.  When  these  agents  are  exposed  together  small  fluxes  of  NO  as  low  as  gM  can  afford 

with  hydrogen  peroxide  to  V79  cells,  both  agents  protection  to  1  mM  hydrogen  peroxide.  In  addi- 

enhanced  peroxide  toxicity  contrary  to  other  NO  tion,  it  warns  about  overinterpretation  of  data 

releasing  compounds.  Another  class  of  NO  equating  NO  effects  with  the  chemical  generating 

donor  compounds  are  the  S-nitrosothiol  com-  system, 

pounds.  When  either  S-nitrosoglutathione  or  S- 
nitroso  acetylpenicillamine  were  exposed  to¬ 
gether  with  hydrogen  peroxide  to  V79  cells,  6.  Mechanistic  considerations  of  NO  protection 

partial  protection  was  observed  (submitted). 

Electrochemical  analysis  of  the  NO  release  pro-  It  is  clear  that,  on  a  chemical  level,  NO  can 

file  revealed  a  small  flux  of  NO  sustained  protect  against  peroxide-mediated  toxicity.  One 

throughout  the  peroxide  and  XO  exposure.  of  the  primary  targets  of  peroxide-derived  oxid- 

These  results  support  the  notion  that  continuous  ants  is  DNA.  Chemical  modification  of  DNA  by 

Mechanisms  of  NO  Protective  Effects  Against 
the  Products  of  the  Biological  Reduction  of  Oxygen 

09 

x  "\ 


SOD 


Lipid 


Chain  termination  Lipid  peroxidation 


Fig.  1.  Mechanisms  of  NO  protective  effects  against  the  products  of  the  biological  reduction  of  oxygen. 
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oxidants  can  result  in  a  variety  of  lesions  such  as 
single  and  doubled  stranded  breaks.  These  modi¬ 
fications  are  presumed  to  be  one  of  the  toxic 
events  in  the  mechanism  of  peroxide-mediated 
toxicity.  We  decided  to  examine  the  effect  of  NO 
on  ferrous  ion /hydrogen  peroxide-mediated 
strand  breaks  of  DNA.  Supercoiled  DNA  plas¬ 
mid  was  exposed  to  ferrous  ion /hydrogen  perox¬ 
ide.  This  treatment  resulted  in  extensive  single 
and  double  strand  breaks.  However,  when  the 
same  experiment  was  done  in  the  presence  of 
DEA/NO  or  authentic  NO,  complete  protection 
was  observed  [24].  These  results  clearly  suggest 
that  the  presence  of  NO  can  abate  the  Fenton- 
type  oxidative  damage  to  DNA.  It  appears  that 
the  presence  of  NO  can  either  prevent  the 
formation  of,  or  scavenge  Fenton-type  oxidants 
which  affords  protection. 

Another  mechanism  which  is  thought  to  play  a 
role  in  the  cytotoxic  mechanism  of  peroxide  is 
lipid  peroxidation.  Alkyl  hydroperoxides  are 
thought  to  mediate,  at  least  in  part  their  cytotox¬ 
ic  action  via  lipid  peroxidation.  As  discussed 
above,  the  presence  of  NO  clearly  abates  their 
toxicity.  Several  studies  have  reported  that  NO 
can  abate  lipid  peroxidation  where  it  was  pro¬ 
posed  that  NO  can  intercept  various  lipid  radi¬ 
cals  forming  ROONO  adducts  which  results  in 
termination  of  the  chain  propagation  reactions 
(Fig.  1)  [13,14].  It  has  been  suggested  that  these 
species  represent  a  chain  termination  step  there¬ 
by  limiting  the  extent  of  lipid  peroxidation. 

There  has  been  some  discussion  that  the  reac¬ 
tion  between  peroxide  and  ferrous  ion  is  too  slow 
to  account  for  the  peroxide  exerting  significant 
toxicity  in  vivo.  However,  the  reaction  rate 
constant  between  metalloproteins  such  as  hemo- 
proteins  and  can  be  >107  M  1  s  1  (unpublished 
result).  This  suggests  that  one  of  the  initial 
targets  of  peroxide  in  cells  would  be  these  redox 
active  metal  centers.  For  instance,  the  reaction 
between  myoglobin  and  peroxide  results  in  a 
ferryl  complex.  This  hypervalent  complex  can 
either  facilitate  lipid  peroxidation  [13,14],  be¬ 
come  covalently  altered  to  form  a  redox  catalyst 
capable  of  forming  additional  peroxide,  or  de¬ 
compose  releasing  free  iron  into  the  cell  increas¬ 
ing  the  Fenton-type  catalysts  [25].  Kanner  et  al. 


showed  that  the  ferryl  intermediate  generated 
reacts  with  NO  to  form  the  ferric  species  [12]. 
This  restoration  of  the  native  oxidation  state 
prevents  the  deleterious  consequences  of  this 
hypervalent  species  and  thereby  provides  protec¬ 
tion. 

Collectively  these  data  demonstrate  that  NO 
can  protect  cells  from  the  deleterious  effects  of 
peroxide  and  the  resulting  ROS  formed.  It  ap¬ 
pears  that  at  a  chemical  level  NO  has  protective 
properties.  Studies  utilizing  NOS  inhibitors  in 
vivo  showing  protection  may  suggest  that  there 
are  physiological  mechanisms  rather  than  chemi¬ 
cal  which  could  be  important  as  well. 
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Abstract 

D-Galactosamine-sensitized  mice  challenged  with  tumor  necrosis  factor  a  (TNF)  developed  severe  apoptotic  and 
secondary  necrotic  liver  injury  as  assessed  by  histology,  measurement  of  cytosolic  DNA  fragments  and  de¬ 
termination  of  liver-specific  enzymes  in  plasma.  Pretreatment  of  mice  with  interleukin-1 ft  (IL-1)  resulted  in 
elevated  levels  of  nitrite /nitrate  in  serum  and  rendered  mice  insensitive  towards  TNF  toxicity.  Pharmacological 
doses  of  the  nitric  oxide  (NO)  donor  sodium  nitroprusside  (SNP)  also  conferred  complete  protection  against  TNF 
toxicity,  suggesting  a  possible  link  between  IL-1-  and  NO-induced  protection.  However,  NO-synthesis  inhibition  by 
Ng -monomethyl-L-arginine  failed  to  abrogate  IL-l-induced  tolerance  against  TNF  toxicity.  We  conclude  that  IL-1 
and  NO  protect  against  TNF-induced  liver  injury  through  distinct  pathways. 

Keywords :  Interleukin-1;  Sodium  nitroprusside;  Liver  injury;  Necrosis;  Apoptosis;  Galactosamine 


1.  Introduction 

Tumor  necrosis  factor  a  (TNF)  has  been 
recognized  as  one  of  the  key  inflammatory 
mediators  of  bacterial  lipopolysaccharides  (LPS) 
and  has  been  shown  to  mediate  lethal  shock  and 
multi-organ  failure.  Transcriptional  inhibitors 
such  as  the  liver-specific  agent  D-galactosamine 
(GalN)  or  actinomycin  D  (ActD)  sensitize  mice 
several  thousand-fold  towards  LPS  or  TNF  [1]. 

In  these  models  animals  develop  a  relatively 
selective  liver  damage  which  allows  quantitative 
assessment  of  TNF-toxicity  by  measurement  of 
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liver-specific  plasma  enzymes  [1J.  Pretreatment 
of  mice  by  either  LPS,  or  TNF,  or  interleukin-1/3 
(IL-1)  confers  complete  tolerance  to  an  other¬ 
wise  lethal  second  challenge  with  LPS  or  TNF. 
Tolerance  was  suggested  to  be  due  to  one  or 
several  protective  proteins  synthesized  within  the 
liver  [2]. 

Circumstantial  evidence  suggested  the  in¬ 
volvement  of  nitric  oxide  synthase  (NOS)  in  the 
development  of  tolerance  towards  LPS-  or  cyto¬ 
kine-induced  toxicity.  NO  was  shown  to  be 
produced  in  considerable  amounts  by  murine 
hepatocytes  stimulated  with  cytokines  [3].  More¬ 
over,  it  was  shown  that  endogenously  produced 
NO  reduced  endotoxin-induced  lethality  as  well 
as  hepatic  or  renal  organ  damage  [4-6].  Since 
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IL-1  is  both  a  strong  inducer  of  NOS  [7]  as  well 
as  a  potent  agent  for  induction  of  tolerance  [2], 
we  investigated  whether  there  might  exist  a 
causal  relation  between  IL-l-mediated  NO  for¬ 
mation  and  tolerance  to  TNF-induced  liver  dam¬ 
age  in  GalN-sensitized  mice. 

2.  Materials  and  methods 

2.1.  Animal  experiments 

Male  BALB/c  mice  from  the  animal  house  of 
the  University  of  Konstanz,  Germany,  received 
humane  care  in  compliance  with  the  legal  re¬ 
quirements  in  Germany.  All  substances  were 
administered  in  pyrogen-free  saline.  Sodium  ni- 
troprusside  (SNP,  1.7  mg/kg,  Fluka,  Buchs,  Swit¬ 
zerland)  and  GalN  (700  mg/kg,  Roth,  Karlsruhe, 
Germany)  were  injected  i.p.  in  a  volume  of  200 
ph  rhuIL-1/3  (10  pg/kg,  a  gift  from  Dr.  K. 
Vosbeck,  Ciba  Geigy,  Basel,  Switzerland), 
rmuTNFa  (10  pglkg,  a  gift  from  Dr.  Adolf, 
Bender  &  Co,  Vienna,  Austria)  and 
NGmonomethyl-L-arginine  (NMMA,  175  mg/kg, 
Sigma  Chemical  Co.,  St.  Louis,  MO)  were  in¬ 
jected  i.v.  in  a  volume  of  300  pi.  Animals  were 
sacrificed  by  cervical  dislocation  5  or  8  h  after 
challenge  and  blood  was  withdrawn  by  cardiac 
puncture  into  heparinized  syringes. 

2.2.  Histology  and  DN A  fragmentation 

Livers  were  perfused  for  10  s  as  described  [8] 
before  they  were  excised.  One  slice  of  the  large 
anterior  lobe  was  immediately  immersed  in  4% 
formalin  and  imbedded  in  paraplast.  Sections 
(2-3  pm)  were  stained  with  hematoxylin/eosin. 
The  remaining  parts  of  the  liver  were  homogen¬ 
ized.  The  homogenate  was  centrifuged  at 
13  000Xg  for  20  min.  The  supernatant  (final 
dilution  1250-fold)  was  used  to  measure  DNA 
fragmentation  with  an  ELISA  kit  (Boehringer, 
Mannheim,  Germany)  as  described  [8]. 

2.3.  Cell  culture  and  incubation  conditions 

Hepatocytes  and  non-parenchymal  liver  cells 

were  isolated  from  12-week-old  male  BALB/c 
mice  by  a  two-step  collagenase  perfusion  method 
and  cultured  as  described  [8]. 


2.4.  Enzyme  assays 

Activities  of  alanine-aminotransferase  (ALT) 
in  plasma  were  determined  according  to  [9]. 

2.5.  Nitrite  determination  in  cell  culture 
supernatants 

For  determination  of  nitrite  release,  cells  were 
incubated  for  20  h  in  RPMI  1640  medium  with¬ 
out  phenol  red.  Culture  supernatants  were  as¬ 
sayed  for  nitrite  according  to  the  Griess  reaction. 

2.6.  Nitrite  determination  in  serum 

Nitrite  in  serum  was  measured  essentially 
according  to  the  method  of  Misko  et  al.  [10], 
using  the  Griess  assay. 

2.7.  Statistics 

Data  from  in  vivo  experiments  are  given  as 
means  ±  S.E.M.,  all  other  data  as  means  ±  S.D. 
Data  for  transaminases  and  DNA  fragmentation 
were  analysed  by  non-parametric  analysis  of 
variance  (Kruskal-Wallis).  Statistical  analysis  of 
serum  nitrite /nitrate  concentrations  (Table  1) 
was  done  using  the  parametric  Waller-Duncan- 
Test.  P<0.05  was  considered  to  be  significant. 

3.  Results 

3.1.  IL-l-induced  tolerance  against  GalNITNF- 
mediated  liver  damage 

Intravenous  administration  of  10  pglkg 
rmuTNFa  to  GalN-sensitized  mice  induced  se¬ 
vere  necrotic  liver  damage  as  determined  by 
elevated  plasma  levels  of  ALT  8  h  after  chal¬ 
lenge  (6260  ±1010  U/l  vs.  untreated  control: 
40  ±  20  U/l,  n  =  6,  P  <  0.05).  Liver  necrosis  was 
preceded  by  apoptotic  changes.  DNA  fragmenta¬ 
tion  was  increased  2.9  ±  0.7-fold  5  h  after  GalN/ 
TNF  administration  compared  to  GalN  controls. 
Eight  h  after  challenge  DNA  fragmentation  was 
increased  3.6  ±  0.4*-fold  compared  to  controls 
(data  ±S.E.M.,  n  =  3,  *E<0.05).  Histological 
examination  confirmed  these  findings:  3.5  or  5  h 
after  injection  of  TNF  to  GalN-sensitized  mice, 
hyperchromatic  nuclear  membranes  and  forma¬ 
tion  of  apoptotic  bodies  were  seen.  Eight  h  after 
GalN /TNF,  numerous  apoptotic  bodies  were 
identified  between  necrotic  hepatocytes  [11]. 


1.  Bohlinger  et  al.  /  Toxicology  Letters  82183  ( 1995)  227-231 


229 


Table  1 

Effect  of  the  NOS  inhibitor  NMMA  on  IL-1 -induced  tolerance  against  liver  injury  caused  by  TNFa  in  galactosamine-sensitized 
mice 


Pretreatment*’ 

Treatment11 

ALT*  (U/l) 

Nitrite/nitratec  (/aM) 

n 

Saline 

GalN /TNF 

10  130  ±2400 

35  ±11 

5 

IL-1 

GalN/TNF 

22  ±  24* 

32  ±6 

5 

IL-1  +  NMMA 

GalN/TNF  +  NMMA 

35  ±  23* 

34  ±10 

5 

NMMA 

GalN/TNF  +  NMMA 

10  380  ±3370 

27  ±8 

5 

IL-1 

Saline 

17  ±  11* 

77  ±  14** 

5 

Saline 

GalN 

90  ±9* 

36  ±9 

3 

;l  Animals  were  pretreated  4  h  before  challenge  by  an  i.v.  dose  of  10  jxg/kg  IL-1  ±  NMMA  (175  mg/kg)  or  by  injection  of  saline. 
b  GalN  (700  mg/kg)  was  administered  i.p.  simultaneously  with  TNF  (10  /Ag/kg,  i.v.)  and  NMMA  (175  mg/kg,  i.v.). 

0  plasma  ALT  was  measured  in  U/l  8  h  after  challenge,  levels  of  nitrite/ nitrate  in  plasma  were  determined  6  h  after  pretreatment. 
Data  are  means  ±  S.E.M. 

*  PC0.05  vs.  GalN /TNF  control. 

**  P  <  0.05  vs.  all  other  groups. 
n ,  number  of  animals  per  group. 


Pre treatment  of  the  animals  with  10  /xg/kg 
rhuIL-1/3  i.v.  4  h  before  challenge  led  to  a 
completely  refractory  state  against  TNF-induced 
cytotoxicity  in  GalN-sensitized  mice,  i.e.  neither 
ALT  release  into  plasma  nor  DNA  fragmenta¬ 
tion  were  significantly  increased. 

3.2.  Prevention  of  IL-1 -induced  tolerance  by 
inhibition  of  hepatic  transcription 

In  order  to  study  the  role  of  hepatic  bio¬ 
synthesis  in  the  development  of  tolerance,  the 
liver-specific  transcriptional  inhibitor  GalN  was 
given  together  with  IL-1  4  h  prior  to  GalN/TNF- 
challenge.  Under  this  experimental  condition  we 
observed  severe  liver  failure  8  h  after  challenge 
(ALT:  8440  ±  1940  U/l).  Mice  treated  with  IL-1/ 
GalN  and  challenged  4  h  later  with  GalN  alone 
developed  no  liver  injury.  These  observations 
imply  active  biosynthetic  hepatic  processes  as  a 
requirement  for  IL-1 -induced  tolerance. 

3.3.  Protection  against  GalN /  TNF-induced  liver 
damage  by  administration  of  SNP 

Liver  NOS  is  one  of  the  putatively  protective 
proteins  [4-6]  known  to  be  induced  by  IL-1  [7]. 
In  order  to  study  a  possible  participation  of  NO 
in  the  development  of  tolerance,  we  first  tested 
the  efficacy  of  the  pharmacological  NO  donor 
SNP  against  liver  damage  induced  by  TNF  in 


GalN-sensitized  mice.  Pretreatment  with  SNP 
(1.7  mg/kg  i.p.,  15  min  before  challenge) 
protected  against  liver  damage  induced  by  GalN/ 
TNF  as  shown  by  significantly  reduced  levels  of 
plasma  ALT  compared  to  GalN /TNF  controls 
(110  ±25  U/l  vs.  8470  ±4120  U/l,  n=  5,  P< 
0.05).  These  results  indicate  that  endogenous  NO 
production  from  exogenous  precursors  has  the 
potential  to  protect  against  TNF-mediated  toxici¬ 
ty. 

3.4.  IL-1 -induced  endogenous  NO  production 
Since  pharmacologically  delivered  NO  pro¬ 
vided  protection  against  TNF  toxicity  in  vivo,  we 
checked  whether  NO  was  produced  endogenous¬ 
ly  upon  treatment  of  mice  with  IL-1.  Serum 
nitrite /nitrate  levels  were  elevated  6  h  after 
administration  of  IL-1  as  compared  to  saline- 
treated  animals  (Table  1).  In  order  to  identify 
the  source  of  IL-l-induced  endogenous  NO  pro¬ 
duction,  hepatocyte  and  non-parenchymal  liver 
cell  cultures  from  IL-1  or  saline-treated  animals 
were  prepared  4  h  after  pretreatment.  Endogen¬ 
ous  NO  production  was  determined  by  measur¬ 
ing  the  amount  of  nitrite  released  into  the  culture 
supernatant.  Hepatocytes  were  left  untreated  or 
were  further  stimulated  by  incubation  with  IL-1 
(50  ng/ml).  In  vivo  pretreatment  with  IL-1  lead 
to  an  increased  ex  vivo  nitrite  production  in  liver 
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Table  2 

Ex  vivo  nitrite  production  by  hepatocytes  of  IL-1 -pretreated 
and  control  mice 


Pretreatmenta  (in  vivo) 

Stimulus  (in 

vitro) 

None 

IL-1  (50  ng/ml) 

Saline 

<lb 

2.8  ±  0.6 

IL-1 

4.8  ±  1.2 

19.8  ±2.9 

''  Animals  were  pretreated  4  h  before  preparation  of  hepato¬ 
cytes.  IL-1  was  given  i.v.  in  a  dose  of  10  iig/kg. 
b  Hepatocytes  (8xl04  per  well)  were  incubated  in  RPMI 
1640  lor  20  h  before  the  amount  of  nitrite  was  assayed  in  the 
supernatant.  Data  are  means  (nmol  nitrite  /10f'  cells)  ±  S.D.  of 
triplicate  incubations. 

cell  cultures  as  compared  to  hepatocytes  from 
saline-treated  control  animals  (Table  2).  This 
augmented  basal  release  was  further  enhanced 
more  than  4-fold  when  these  already  activated 
cells  were  incubated  with  IL-1  in  vitro  (Table  2). 
Additional  experiments  with  the  same  mice 
showed  that  non-parenchymal  liver  cell  cultures 
prepared  from  cells  by  differential  centrifugation 
and  plastic  adhesion  produced  less  than  5%  per 
cell  of  the  nitrite  found  in  hepatocyte  cultures, 
suggesting  that  the  nitrite  determined  in  the 
above  experiments  was  predominantly  derived 
from  hepatocytes  (data  not  shown). 

3.5.  No  impairment  of  tolerance  by  inhibition  of 
NOS  in  vivo 

In  order  to  study  the  relevance  of  endogenous¬ 
ly  formed  NO  for  development  of  tolerance  in 
vivo,  endogenous  NO  production  was  inhibited 
by  administration  of  NMMA  (2  X  175  mg/kg),  a 
competitive  inhibitor  of  NOS,  together  with  IL-1 
pretreatment  and  together  with  a  subsequent 
TNF  challenge.  Administration  of  NMMA 
caused  neither  an  altered  toxicity  of  TNF  in  vivo 
nor  any  modification  of  the  IL-l-induced  toler¬ 
ance  in  GalN-sensitized  mice  (Table  1). 

4.  Discussion 

A  large  variety  of  experimental  models  have 
been  used  in  order  to  study  possible  mechanisms 
of  septic  shock  and  ensuing  organ  failure.  LPS  as 
the  primary  initiator  of  a  cytokine  response  or 
TNF  as  a  distal  mediator  of  LPS  toxicity  are 


commonly  used  to  elicit  the  systemic  inflamma¬ 
tory  response.  However,  pretreatment  of  mice 
with  minute  amounts  of  either  one  of  these 
agents  protects  them  from  a  second,  otherwise 
lethal  challenge.  In  the  present  study  we  used 
IL-1  to  induce  tolerance  against  TNF  challenge 
in  the  low-dose  model  of  the  GalN-sensitized 
mouse. 

A  salient  feature  of  the  GalN/TNF  model  is 
apoptotic  and  secondary  necrotic  liver  cell  death 
[11].  We  therefore  measured  cytosolic  DNA 
fragments  and  hepatocyte-specific  enzymes  to 
quantitate  organ  injury.  According  to  these  pa¬ 
rameters,  IL-1  completely  protected  mice  against 
hepatic  injury  induced  by  TNF.  Since  the  de¬ 
velopment  of  tolerance  could  be  completely 
abolished  by  co-administration  of  GalN,  which 
selectively  impairs  the  hepatic  RNA  synthesis 
[11]  we  conclude  that  IL-l-induced  tolerance  is 
an  active  process  requiring  hepatic  transcription. 

One  putatively  protective  protein  known  to  be 
induced  by  IL-1  is  NOS,  an  enzyme  producing 
the  potent  vasodilatator  NO.  Our  finding  that 
NOS  activity  is  increased  by  incubation  of  mu¬ 
rine  liver  cell  cultures  with  IL-1  in  vitro  is  in 
agreement  with  previous  findings  showing  an 
induction  of  NOS  mRNA  in  human  hepatocytes 
under  similar  conditions  [7].  In  analogy  to  the  in 
vitro  experiments,  treatment  of  mice  with  IL-1  in 
vivo  led  to  elevated  levels  of  nitrite /nitrate  in 
serum  and  to  an  increased  NOS  activity  in  liver 
cells  ex  vivo. 

The  role  of  endogenously  produced  NO  in 
septic  shock  and  other  inflammatory  models  is 
not  yet  clarified.  In  order  to  study  the  signifi¬ 
cance  of  NO  in  TNF-induced  liver  failure  in 
GalN-sensitized  mice  and  to  further  investigate 
the  role  of  endogenously  formed  NO  for  the 
development  of  tolerance,  we  examined  in  vivo 
whether  injection  of  an  NO-releasing  agent 
(SNP)  could  substitute  for  IL-1  in  the  protection 
against  TNF  toxicity  and  which  effects  inhibition 
of  NOS  might  have  on  IL-l-induced  tolerance. 
The  protection  by  SNP  against  TNF-induced 
hepatotoxicity  is  consistent  with  findings  in  the 
GalN /LPS  model  where  various  vasodilatators 
prevented  liver  injury  [1].  Though  an  increased 
production  of  NO  is  probably  responsible  for  the 
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detrimental  fall  in  blood  pressure  seen  in  septic 
shock  [12],  beneficial  effects  of  this  mediator  in 
septic  complications  have  also  been  described. 
For  instance,  an  aggravation  of  LPS-induced 
hepatic  damage  in  C.  parvum- sensitized  mice  by 
administration  of  NMMA,  a  competitive  inhib¬ 
itor  of  NOS,  was  reported  [5].  However,  we 
found  that  NMMA  administration  at  a  dose 
described  to  block  the  endogenous  NO  forma¬ 
tion  [5]  did  not  abolish  IL-l-induced  tolerance. 
This  argues  against  a  predominant  role  of  en¬ 
dogenously  produced  NO  in  this  inflammatory 
model  and  against  a  role  of  NO  in  the  develop¬ 
ment  of  tolerance. 

We  conclude  that  IL-1  induces  expression  and/ 
or  release  of  tolerogenic  proteins  different  from 
NOS  and  that  increased  production  of  endogen¬ 
ous  NO  is  not  the  mechanism  responsible  for 
tolerance  development. 
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Abstract 

Nitric  oxide  (NO)  is  a  pathophysiological  mediator  with  unique  signal  transducing  properties.  Signaling 
mechanisms  are  categorized  as  cGMP-dependent  or  cGMP-independent.  Multiple  interactions  of  NO  with  oxygen, 
superoxide  and  transition  metals  determine  the  biological  activity.  Cyclic  GMP-independent  responses  of  NO 
account  for  the  antimicrobial,  the  cytostatic,  and  the  cytotoxic  capacity  of  NO.  Cytotoxicity  is  not  only  directed  to 
harmful  cells  but  also  affects  the  NO-producing  cell  in  a  self-destructing  loop.  For  macrophages  and  pancreatic 
/3-cells  (RINm5F),  we  established  NO-mediated  apoptotic  cell  death.  Endogenously  generated  or  exogenously 
applied  NO  causes  DNA  cleavage  after  endonuclease  activation.  NO-mediated  accumulation  of  the  tumor 
suppressor  p53  precedes  apoptotic  cell  death. 

Keywords :  Nitric  oxide;  Nitric  oxide  synthase;  NO-donor;  Apoptosis;  DNA  fragmentation;  Tumor  suppressor  p53 


1.  Nitric  oxide  formation;  nitric  oxide  synthase 
and  NO-donors 

Nitric  oxide  (NO)  is  generated  by  a  family  of 
enzymes  termed  NO  synthases  (NOS)  which 
utilize  arginine  as  their  substrate  [lj.  For  simplis¬ 
tic  reasons,  NOS  isoforms  can  be  categorized  by 
descriptive  terms  based  on  the  dependence  of 
intracellular  calcium  transient  required  for  full 
activity.  Constitutive  forms  are  activated  by  a 
time-limited  cytosolic  calcium  increase,  which 
leads  to  the  release  of  NO  over  several  minutes. 
A  cytokine-inducible  NOS  isoform  is  expressed 
in  many  cells  after  challenge  with  immunologic 
or  inflammatory  stimuli,  producing  large 
amounts  of  NO,  for  up  to  several  days  [2].  The 
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determinant  of  isoenzyme  activity  allows  approx¬ 
imation  of  the  classification  as  a  low  versus  high 
output  system  for  endogenously  generated  NO. 
Multiple  transcriptional  as  well  as  translational 
control  mechanisms  operate  to  augment  or  sup¬ 
press  NO  formation  that  allows  a  fine  tuning  of 
NO  generation,  accumulation,  and  action  [3]. 
Several  NOS  inhibitors,  like  AG-monomethyl-L- 
arginine  (NMMA),  are  used  to  intervene  phar¬ 
macologically  with  NO  production,  that  permits 
a  trace  back  of  individual  actions  to  the  NO- 
signaling  system. 

To  study  physiology,  pathophysiology,  and 
pharmacology  of  NO,  irrespective  of  NOS  in¬ 
volvement,  NO-releasing  compounds  are  valu¬ 
able  tools.  [4].  All  NO-donors  preserve  NO  in 
their  molecular  structure  and  all  exhibit  bio¬ 
logical  activity  after  decomposition.  These  pro¬ 
drugs  vary  considerably  in  chemical  structure, 
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stability,  and  biological  activity.  Different  phar¬ 
macokinetic  profiles  arise  in  part  from  differ¬ 
ences  in  bioactivation  and  enzymatic  versus 
nonenzymatic  NO-release.  Examples  are  organic 
nitrates,  sodium  nitroprusside  (SNP),  3-mor- 
pholinosydnonimine  (SIN-1),  S-nitrosothiols  (i.e. 
S-nitrosoglutathione,  GSNO  or  S-nitro- 
socysteine,  CysNO),  and  compounds  containing 
the  N(0)N0  functional  group  (i.e.  spermine- 
NO). 

2.  NO  signaling 

After  release,  NO”  is  susceptible  to  both 
oxidation  and  reduction  [5].  The  formation  of 
NO  (nitrosonium  ion)  and  NO  (nitroxyl 
anion)  as  primary  reaction  products  allow  sec¬ 
ondary  target  interactions  that  are  fundamental 
to  the  understanding  of  the  biochemistry  and 
biological  function  of  NO.  In  biological  systems 
NO  reacts  with  oxygen,  superoxide,  and  transi¬ 
tion  metals.  Reaction  products  -  NOx,  perox- 
ynitrite  (OQNO),  and  metal-NO  adducts,  re¬ 
spectively  -  support  additional  reactions  through 
their  interactions  with  targets  via  redox  and 
additive  chemistry.  The  intracellular  prevalence 
and  reactivity  of  thiols  (RSH/RS)  over  other 
nucleophils  support  nitrosative  reactions  (i.e. 
NO  "-related  chemistry)  for  S-nitrosothiol  (RS- 
NO)  formation  [6].  Thus,  receptors,  ion  channels, 
enzymes,  or  transcription  factors  containing 
either  transition  metals  or  thiols  located  at  the 
active  or  allosteric  sites  are  the  essential  com¬ 
ponents  of  the  NO  signaling  system. 

3,  Physiology  and  pathophysiology 

For  physiology,  the  interaction  of  NO  with  the 
heme  regulatory  subunit  of  soluble  guanyiyl 
cyclase  is  most  important.  The  endothelium 
derived  relaxing  factor  (EDRF)-like  function  is 
the  key  transducer  of  the  vasodilator  message 
from  the  endothelium  to  vascular  cells.  Activa¬ 
tion  of  guanyiyl  cyclase,  formation  of  cGMP,  and 
concomitant  protein  phosphorylation  forms  an 
inter-  and  intracellular  NQ-responsive  regulatory 
network  [7],  For  the  pathophysiological  and 
cytotoxic  action  of  NO,  the  radical  nature  of 


NO'  is  not  sufficient  to  explain  its  lethal  activity. 
Cytotoxicity  is  not  only  directed  to  invading 
bacteria,  microorganisms,  and  tumor  cells  as  a 
first  line  of  the  unspecific  immune  defense  sys¬ 
tem,  but  also  affects  NO-producing  cells  like 
macrophages  in  a  self-destructive  loop  (for  refer¬ 
ences,  [8]).  Examples  of  toxic  actions  of  NO  are 
major  neurodegenerative  diseases  [9]  or  pan¬ 
creatic  /3-cell  destruction,  linked  to  type  I  dia¬ 
betes  mellitus  (for  references,  [10]).  Mechanisti¬ 
cally,  the  diffusion-limited  reaction  of  NO’  with 
superoxide  known  to  generate  OONCT,  inhibi¬ 
tion  of  FeS-enzymes  like  the  Krebs  cycle  aconit- 
ase,  complex  I  and  II  of  the  mitochondrial 
respiratory  chain,  or  ribonucleotide  reductase, 
deregulation  of  poly-ADP-ribosyltransferase, 
and  energy  depletion  are  discussed  as  a  likely 
scenario  for  cell  death  (for  references,  [6,8,11]). 
However,  as  the  toxicity  of  NO  is  dependent  on 
the  biological  milieu,  reactions  of  NO  with  re¬ 
active  oxygen  species  (ROS)  may  be  toxic  or 
protective,  depending  on  the  nature  of  the  insult. 
Exemplified  for  neuronal  cells,  the  diffusion-lim¬ 
ited  reaction  of  NO’  with  ROS  will  generate 
OONO,  a  potentially  toxic  molecule  [12].  To 
the  contrary,  NO’  may  have  protective  effects 
during  ischemia  reperfusion  injury  and  effects 
that  essentially  abrogate  ROS-initiated  cytotoxic 
effects  on  mesencephalic  cells  or  lung  fibroblasts 
[13].  Such  opposing  effects  are  even  predictable 
for  systems  sensitive  to  redox  regulation  and  may 
extend  to  cell  necrosis  or  apoptosis  as  mecha¬ 
nisms  for  cell  destruction. 

4.  NO  and  apoptotic  cell  death 

Apoptosis  is  a  morphologically  distinct  form  of 
cell  death  that  appears  to  be  common  to  all 
multicellular  organisms.  It  is  characterized  by  cell 
shrinkage,  membrane  blebbing,  chromatin  con¬ 
densation,  and  DNA  fragmentation.  Initiation  is 
achieved  by  a  wide  variety  of  stimuli,  with  the 
identification  of  genes  positively  or  negatively 
involved  in  the  cell-intrinsic  suicide  program  (for 
references,  [14]). 

For  macrophages  (RAW  264.7)  and  a  /3-cell 
line  (RINm5F),  NO-mediated  cytotoxicity  occurs 
through  apoptosis  rather  than  necrosis  (for  refer- 
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ences,  [15,16].  Although  pancreatic  islet  DNA 
has  been  proposed  as  a  target  for  NO,  no  DNA 
fragmentation  was  rationalized.  In  RINm5F  cells, 
interleukin  1-/3  (IL-l/3)-induced  NOS  expression 
clearly  preceded  DNA  laddering,  nuclear  con¬ 
densation,  and  apoptotic  body  formation.  The 
finding  that  typical  apoptotic  features  were  sup¬ 
pressed  by  NOS  inhibitors  support  a  role  for 
NO-triggered  apoptosis  in  this  system  [15].  Com¬ 
parable  to  RINm5F  cells,  activation  of  endogen¬ 
ous  NO  formation  after  NOS  induction  showed 
apoptotic  morphology  and  exhibited  biochemical 
apoptotic  features  in  RAW  264.7  macrophages 
[16].  Cytokine-elicited  apoptosis  was  prevented 
by  blocking  NOS  activity,  using  NMMA.  There¬ 
by  we  established  a  link  between  NO  generation 
and  cell  destruction.  Similar  results  became  ap¬ 
parent  after  exogenous  NO-donor  application.  A 
chemically  heterogeneous  group  of  NO-donors 
like  SNP,  SIN-1,  GSNO,  and  spermine-NO 
initiated  a  time-  and  concentration-dependent 
biological  effect.  However,  we  realized  com¬ 
pound  specific  differences.  Initiation  of  apoptosis 
is  related  to  the  half-life  of  these  compounds  and 
the  NO-redox  species  being  released.  Generally, 
GSNO  and  spermine-NO  are  the  most  potent 
inducing  NO-donors,  whereas  SIN-1  is  least 
active.  Addition  of  lipophilic  cGMP  analogs,  i.e. 
8-bromo-cGMP  or  dibutyryl-cGMP  did  not  result 
in  cell  death,  excluding  the  involvement  of 
guanylyl  cyclase  and  the  cGMP  signaling  cas¬ 
cade. 

Additional  experiments  characterized  signaling 
components  involved  in  DNA  fragmentation 
induced  by  chemically  generated  NO.  12-0- 
Tetradecanoylphorbol-13-acetate  (TPA),  a  com¬ 
monly  used  PKC-activating  agent,  suppressed 
DNA  fragmentation  induced  by  SNP  and  GSNO. 
Prolonged  incubation  of  cells  with  TPA  down- 
regulates  certain  PKC  isoenzymes.  However, 
down-regulated  PKC  no  longer  inhibits  NO-in- 
duced  apoptosis.  PKC  antagonistic  data  are  sup¬ 
ported  by  the  notion  that  PKC  inhibitors  such  as 
staurosporine  or  calphostin  C  sensitize  macro¬ 
phages  to  NO-induced  cell  death.  Co-incubation 
of  cells  with  staurosporine  and  GSNO  or  SNP 
resulted  in  increased  fragmentation  in  each  case. 
Furthermore,  cAMP  turned  out  to  be  a  negative 


modulator  of  NO-mediated  signaling  during 
apoptosis.  Lipophilic,  membrane-permeable 
cAMP  analogues  like  8-(4-chlorophenylthio)- 
cAMP  or  dibutyryl-cAMP,  dose-dependently  de¬ 
creased  SNP,  SIN-1,  or  SNAP-induced  DNA 
cleavage.  In  an  analogy  to  several  other  systems, 
protection  was  observed  in  the  presence  of  Zn“  +  , 
an  inhibitor  for  the  Ca2+,  Mg2  + -dependent  endo¬ 
nuclease,  and  likely  involved  in  DNA  cleavage. 

5.  The  tumor  suppressor  p53  and  NO-driven 
apoptosis 

p53  is  a  tumor  suppressor  protein  that  is 
important  in  maintaining  genomic  integrity.  The 
protein  has  been  suggested  to  act  as  a  ‘guardian 
of  the  genome’,  monitoring  the  state  of  cells’ 
DNA.  Normally,  the  half-life  of  p53  is  short,  with 
undetectable  or  low  amounts  of  the  protein  in 
the  cytosol.  The  protein  amount  is  induced  to 
high  levels  after  DNA  damage,  leading  to  cell 
growth  arrest.  A  loss  or  mutation  of  p53  is  found 
in  high  rates  in  tumor  development.  High  levels 
of  p53  induction  in  response  to  DNA  damage 
correlate  with  arrest  at  the  G1  stage  of  the  cell 
cycle  or  in  the  case  of  severe  DNA  damage  with 
apoptosis  (for  references,  [17,18]).  Our  results 
using  RAW  264.7  macrophages  or  RINm5F  cells 
established  a  role  of  p53  during  NO-mediated 
cell  death  [8].  Activation  of  the  cytokine/ 
lipopolysaccharide-inducible  NOS  caused  not 
only  massive  nitrite  accumulation  in  the  cell 
supernatant  but  also  resulted  in  p53  accumula¬ 
tion,  clearly  preceding  DNA  fragmentation.  All 
apoptotic  features,  including  accumulation  of  the 
tumor  suppressor  p53,  were  down-regulated  by 
the  NOS  inhibitor  NMMA.  This  links  endogen¬ 
ous  NO  formation,  p53  accumulation,  and  apop¬ 
tosis.  The  involvement  of  NO  during  p53  ac¬ 
cumulation  was  further  substantiated  by  using 
several  NO-donors  like  GSNO,  SNP,  or  sper¬ 
mine-NO.  The  extracellular  applied  NO-releas- 
ing  compounds  decompose  to  release  NO*  or 
NO  +  .  Using  RAW  264.7  macrophages  Fig.  1 
shows  the  time  course  for  p53  accumulation  and 
DNA  laddering  in  response  to  spermine-NO. 

Evidently  p53  accumulation,  detected  by  West¬ 
ern  blot  analysis  and  quantitative  phosphor  im- 
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Fig.  1.  p53  accumulation  and  DNA  fragmentation  in  re¬ 
sponse  to  spcrmine-NO.  RAW  264.7  macrophages  (2xl07 
cells)  were  incubated  with  250  //M  spermine-NO  for  the 
times  indicated.  (A)  Following  the  incubation.  p53  was 
immunoprecipitated,  detected  by  Western  blot  analysis,  and 
quantitated  by  phosphor  imager  analysis  as  described  [8].  (B) 
DNA  laddering  initiated  by  spermine-NO  was  assayed  by 
separation  of  fragments  from  intact  chromatin,  visualized  by 
UV  transillumination  after  agarose  gel-electrophoresis.  Re¬ 
sults  are  representative  of  3  similar  assays. 

ager  analysis,  increased  after  60  min  following 
supplementation  with  250  jlcM  spermine-NO 
(Fig.  1A).  Fig.  IB  indicates  DNA  cleavage  into 
oligonucleosomal  fragments.  Cleavage  becomes 
visible  after  4-5  h,  with  substantial  laddering 
after  6-8  h.  Similar  results  were  obtained  in 
RINm5F  cells  with  the  use  of  SNP  [8,15].  The 
potential  of  NO  to  induce  p53  accumulation  is 
evident  in  different  cells,  regardless  of  whether  it 
is  formed  endogenously  after  NOS  induction  or 
generated  by  structurally  different  NO-releasing 
compounds.  Northern  blot  analysis  revealed  that 
p53  accumlation  does  not  depend  on  mRNA 
production.  p53  protein  accumulation  can  be  a 
part  of  signaling  leading  to  apoptosis  either  by 
acting  directly  on  the  DNA  or  by  blocking  the 
cell  cycle. 

6.  NO  species  during  cytotoxicity 

The  multiplicity  of  biological  functions  thus  far 
attributed  to  NO  has  led  to  suggestions  that 
various  effects  might  be  mediated  by  other 
related  species  instead.  A  predominant  mecha¬ 
nism  by  which  cytotoxicity  is  thought  to  occur  is 
through  the  diffusion-limited  reaction  of  NO* 


with  superoxide  to  generate  peroxynitrite 
(ONOO  )  [19].  However,  in  some  experimental 
systems  like  NIH  3T3  fibroblasts  the  generation 
of  NO  protects  from  superoxide  toxicity  and  vice 
versa.  Fibroblasts  incubated  for  24  h  exhibit  a 
low  spontaneous  apoptotic  fragmentation  (Fig. 
2).  Application  of  a  redox  cycling  quinone,  2,3- 
dimethoxy-1, 4-naphthoquinone  (DMNQ)  [20]  at 
a  concentration  of  5  /mM  causes  massive  apo¬ 
ptotic  cell  death.  Also,  the  addition  of  2  mM 
GSNO  produces  dramatic  DNA  fragmentation. 
However,  a  combination  of  both  substances 
lowered  fragmentation  to  values  below  rates  seen 
with  each  compound  alone. 

In  this  case,  the  forced  reaction  of  NO  with 
reactive  oxygen  (02“)  is  protective  rather  than 
toxic.  Although  the  experimental  design  would 
favour  the  generation  of  ONOO”,  its  action 
seems  not  to  cause  increased  damage  to  fibro¬ 
blasts.  For  ONOO  both  cell  destructive  and 
protective  mechanisms  have  been  reported 
[12,13].  Similar  considerations  for  opposing  ef- 


Fig.  2.  DNA  fragmentation  in  response  to  NO  and  superox¬ 
ide  generating  compounds.  Fibroblasts  (2X107;  NIH  3T3 
cells)  were  incubated  with  2  mM  GSNO  and  5  DMNQ 
ior  24  h,  followed  by  quantitation  of  the  amount  of  frag¬ 
mented  DNA  using  the  diphenylamine  assay.  For  details  see 
[16].  Mean  values  ±S.D.  of  at  least  3  separate  experiments 
are  given. 
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fects  of  NO  and  related  species,  including 
ONOO~,  may  extend  to  apoptosis. 

Our  study  clearly  showed  that  NO  serves  to 
eliminate  apoptotic  cell  death  associated  with 
oxygen  species.  A  protective  role  of  NO  under 
conditions  of  simultaneous  superoxide  formation 
exists,  at  least  for  some  cells,  and  may  prevent  an 
otherwise  toxic  oxygen  insult.  Therefore,  the 
toxicity  of  ONOO“  depends  on  specified  cellular 
conditions  and  can  not  be  addressed  in  a  general 
way. 

The  toxicity  of  NO  is  influenced  by  the  existing 
biological  milieu.  Relative  rates  of  NO’  forma¬ 
tion,  its  oxidation  and  reduction,  the  combina¬ 
tion  with  oxygen,  superoxide,  and  other  bio¬ 
molecules  will  determine  the  signaling  pathway 
of  the  radical.  This  also  may  provide  an  answer 
to  the  question  of  how  generator  cells  defend 
themselves  against  NO  production  and  lethal 
effects.  It  will  be  interesting  to  define  the  ver¬ 
satility  of  NO-signaling  mechanisms  in  relation  to 
its  apoptotic  inducing  ability  and  to  explore  how 
NO-responsive  targets  serve  both  sensory  and 
regulatory  roles  in  transducing  a  signal.  The 
switch  from  physiology  to  pathophysiology,  the 
action  of  potentially  protective  and  destructive 
NO  species,  and  the  molecular  recognition  of 
these  balances  will  be  central  to  the  understand¬ 
ing  of  NO-mediated  apoptotic  cell  death. 
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Abstract 

Voltage-activated  sodium  channels  and  GABAa  receptor-chloride  channel  complex  are  among  the  most 
important  target  sites  of  various  environmental  neurotoxicants.  Pyrethroids  keep  the  sodium  channels  open  for 
prolonged  periods  of  time  leading  to  hyperexcitation  of  the  entire  nervous  system.  In  rat  cerebellar  Purkinje 
neurons  and  dorsal  root  ganglion  neurons,  only  about  1%  of  sodium  channel  population  needed  to  be  modified  by 
the  pyrethroid  tetramethrin  to  increase  the  depolarizing  after-potential  to  the  level  of  the  threshold  membrane 
potential  for  generation  of  repetitive  after-discharges.  This  concept  of  toxicity  amplification  is  applicable  to  other 
chemicals  that  go  through  a  threshold  phenomenon  to  exert  their  effects.  The  potency  of  pyrethroids  on  neuronal 
sodium  channels  increased  with  lowering  the  temperature  with  a  Q1()  value  of  0.2.  The  selective  pyrethroid  toxicity 
between  mammals  and  insects  can  be  quantitatively  explained  on  the  basis  of  the  differences  in  5  factors,  i.e.  the 
intrinsic  sodium  channel  sensitivity,  the  sodium  channel  modification  due  to  temperature  difference,  the  reversibili¬ 
ty  of  sodium  channel,  the  detoxication  of  pyrethroids,  and  body  size.  These  5  factors  are  multiplied  to 
approximately  2000  which  is  in  the  same  order  of  magnitude  as  that  of  the  difference  in  LD5().  Dieldrin  had  a  dual 
action  on  the  GABAa  receptor-chloride  channel  complex  of  rat  dorsal  root  ganglion  neurons.  The  initial  transient 
potentiation  of  GABA-induced  currents  after  application  of  dieldrin  was  followed  by  a  suppression.  Dieldrin- 
induced  potentiation  of  current  was  observed  only  when  the  y2  subunit  was  present  in  embryonic  kidney  cells 
(HEK-293)  transfected  with  GABA  receptor  subunits.  Dieldrin-induced  suppression  was  observed  in  the  presence 
and  absence  of  the  y2  subunit.  The  dieldrin  suppression  of  GABA-induced  currents  is  deemed  directly  responsible 
for  hyperactive  symptoms  of  poisoning  in  animals. 

Keywords:  Pyrethroids;  Dieldrin;  Sodium  channels;  GABA  receptor;  Selective  toxicity;  GABA  receptor  subunits 


1.  Pyrethroid  modulation  of  sodium  channels 

It  is  now  well  established  that  the  pyrethroid 
insecticides  modify  the  gating  kinetics  of  voltage- 
activated  sodium  channels  leading  to  various 
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hyperactive  symptoms  of  poisoning  in  animals 
[1-4].  Previous  studies  of  pyrethroid  actions  on 
nerve  were  conducted  mainly  with  invertebrate 
nerve  fibers  and  amphibian  nerve  preparations. 
The  only  mammalian  preparation  used  for  elec- 
trophysiological  analyses  of  pyrethroid  action  is 
neuroblastoma  cells.  However,  since  neuroblas- 
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toma  cells  are  known  to  be  somewhat  different 
from  mammalian  neurons,  it  is  of  crucial  impor¬ 
tance  to  use  mammalian  neurons  as  material  in 
order  to  elucidate  the  mechanism  of  pyrethroid 
intoxication.  We  have  started  using  dorsal  root 
ganglion  (DRG)  neurons  and  cerebellar  Purkinje 
neurons  of  the  rat.  DRG  cells  of  the  rat  are 
endowed  with  2  types  of  sodium  channel,  one 
sensitive  to  tetrodotoxin  (TTX)  and  the  other 
largely  insensitive  to  TTX.  The  difference  in  the 
Kx  values  for  TTX  block  is  as  much  as  105  times 
[5].  These  2  types  of  sodium  channel  also  exhibit 
different  sensitivities  to  other  chemicals  includ¬ 
ing  lidocaine  and  chlorpromazine. 

1.1.  Percentages  of  sodium  channels  modified  by 
pyrethroids 

Tetramethrin  modified  both  TTX-S  and  TTX- 
R  sodium  channels,  but  in  somewhat  different 
manners  [6].  In  TTX-S  sodium  channels,  the  slow 
sodium  current  during  step  depolarization  was 
increased  somewhat  by  tetramethrin,  and  a  tail 
sodium  current  with  a  slowly  rising  and  falling 
phase  appeared  upon  repolarization  (Fig.  1A).  In 
TTX-R  sodium  channels,  the  slow  sodium  cur¬ 
rent  during  step  depolarization  was  markedly 
increased  by  tetramethrin,  and  upon  repolariza¬ 
tion  a  large  instantaneous  tail  current  was  gener¬ 
ated  and  decayed  slowly  (Fig.  IB).  In  TTX-S 
channels  exposed  to  tetramethrin,  the  tail  current 
developed  even  after  the  sodium  current  during 
depolarization  had  subsided.  However,  in  the 
tetramethrin-modified  TTX-R  channels,  the  sodi¬ 
um  current  during  depolarization  and  the  tail 
current  upon  repolarization  developed  and  de¬ 
creased  in  parallel  with  each  other.  The  steady- 
state  sodium  channel  inactivation  curve  was 
shifted  by  tetramethrin  in  the  hyperpolarizing 
direction  in  both  TTX-S  and  TTX-R  channels. 
The  sodium  conductance-voltage  curve  was  also 
shifted  by  tetramethrin  in  the  hyperpolarizing 
direction  in  both  TTX-S  and  TTX-R  channels, 
and  the  latter  was  affected  more  strongly  than 
the  former. 

We  have  developed  a  method  by  which  the 
percentage  of  sodium  channels  modified  by 
pyrethroids  can  be  measured  [6].  The  slow  tail 
current  associated  with  step  repolarization  is 


Fig.  1.  Effecls  of  tetramethrin  on  TTX-S  sodium  current  (A) 
and  TTX-R  sodium  current  (B)  in  rat  DRG  neurons.  A  step 
depolarization  to  0  mV  was  applied  from  a  holding  potential 
of  -110  mV  (A)  or  -90  mV  (B)  in  control  and  in  the 
presence  of  1  tetramethrin.  (Reproduced  with  permis¬ 
sion  from  Ref.  [6],  Copyright  1994  by  the  American  Society 
for  Pharmacology  and  Experimental  Therapeutics). 


indicative  of  the  activity  of  the  pyrethroid  modi¬ 
fied  sodium  channels,  whereas  the  peak  current 
during  step  depolarization  is  a  result  of  the 
activity  of  the  normal  unmodified  sodium  chan¬ 
nels.  Thus  the  sodium  conductance  upon  repo¬ 
larization  can  be  divided  by  the  peak  conduct¬ 
ance  during  step  depolarization  to  calculate  the 
percentage  of  the  modified  sodium  channels.  The 
percentage  of  the  sodium  channels  modified  by 
tetramethrin  (M )  was  calculated  by  the  following 
equation: 
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M  =  [{/lail/(£h  -  £No)}/{W(£t  "  En a)}]  x  100 

(1) 

where  7taii  is  the  tail  current  amplitude  obtained 
by  extrapolation  of  the  slowly  decaying  phase  of 
the  tail  current  to  the  moment  of  membrane 
repolarization  assuming  a  single  exponential 
decay,  Eh  is  the  potential  to  which  the  membrane 
was  repolarized,  £Na  is  the  equilibrium  potential 
for  sodium  ions  obtained  as  the  reversal  potential 
for  sodium  current  and  £t  is  the  potential  of  step 
depolarization.  The  concentration-response  data 
were  fitted  to  the  Hill  equation: 

M  =  Mraax/{l  +  (Kd/[TM])''},  (2) 

where  [TM]  and  Kd  represent  the  concentration 
and  apparent  dissociation  constant  of  tetramet- 
hrin,  respectively,  and  h  represents  the  Hill 
coefficient. 

The  concentrations  of  tetramethrin  required  to 
modify  1.3%  of  sodium  channels  were  10  nM  for 
TTX-R  channels  and  300  nM  for  TTX-S  channels 
(Table  1).  To  modify  12-15%  of  channels,  100 
nM  tetramethrin  was  required  for  TTX-R  chan¬ 
nels,  whereas  as  much  as  10  juM  tetramethrin 
was  required  for  TTX-S  channels.  Therefore,  the 
difference  in  tetramethrin  sensitivity  between 
TTX-R  and  TTX-S  sodium  channels  is  as  much 
as  30-100  times.  Invertebrate  nerve  sodium 
channels,  which  are  sensitive  to  TTX,  are  almost 
equally  sensitive  to  pyrethroids  to  DRG  TTX-R 
channels. 


Whereas  the  data  with  rat  DRG  neurons  are 
highly  informative,  a  question  is  raised  as  to  how 
the  sodium  channels  in  the  brain  behave  in 
response  to  pyrethroids.  Cerebellar  Purkinje 
neurons  of  the  rat  were  found  to  be  endowed 
with  TTX-S  sodium  channels,  which  were  as 
insensitive  to  tetramethrin  as  TTX-S  sodium 
channels  of  DRG  neurons  [7].  The  percentages 
of  the  sodium  channels  modified  by  tetramethrin 
ranged  from  0.6%  at  0.1  ^M  tetramethrin  to 
25%  at  30  yuM  (Table  1).  In  order  to  compare 
these  data  on  channel  modification  with  repeti¬ 
tive  discharges  caused  by  an  increase  in  de¬ 
polarizing  after-potential,  current  clamp  experi¬ 
ments  were  performed  with  cerebellar  Purkinje 
neurons.  The  threshold  concentration  of  tetra¬ 
methrin  to  induce  repetitive  after-discharges  was 
0.1  /uM.  Therefore,  modification  of  0.6%  of  the 
sodium  channels  is  enough  to  cause  repetitive 
after-discharges  leading  to  hyperexcitatory  symp¬ 
toms  of  poisoning  in  animals. 

Our  ‘toxicity  amplification’  theory,  which  was 
originally  proposed  with  squid  giant  axons  on  the 
basis  of  several  assumptions  [8],  is  now  firmly 
established  in  mammalian  neurons  on  the  basis 
of  solid  experimental  data.  This  concept  has 
important  implications  to  evaluate  effective  con¬ 
centrations  of  toxicants  or  therapeutic  drugs  that 
act  via  a  threshold  phenomenon.  Take  an  exam¬ 
ple  in  which  a  slow  membrane  depolarization 
caused  by  channel  openings  reaches  the  thres¬ 
hold  and  induces  repetitive  discharges.  Dis- 


Table  1 

Percentages  of  the  fraction  of  sodium  channels  modified  by  tetramethrin 

Tetramethrin  concentration  (yuM)  Cerebellar  Purkinje  neuron  Dorsal  root  ganglion  neuron 


Tetramethrin 
concentration  yiiM 

Cerebellar  Purkinje  Neuron 

Dorsal  Root  Ganglion  Neuron 

* 

TTX-S  (%) 

TTX-S  (%) 

TTX-R  (%) 

0.01 

0.03 

0 

1.31  ±  0.28 

5.15  ±  0.30 

0.1 

0.62  ±  0.15 

0.24  ±  0.10 

15.35  ±  0.79 

0.3 

2.19  ±0.36 

1.25  ±0.13 

35.48  ±  2.70 

1 

5.75  ±  0.87 

3.53  ±  0.66 

57.82  ±  2.29 

3 

13.58  ±1.35 

7.70  ±  1.20 

74.85  ±  1.23 

10 

22.77  ±  2.26 

12.03  ±  1.89 

81.20  ±  1.57 

30 

24.73  ±2.11 

i!  Reproduced  with  permission  from  Ref.  [6].  Copyright  1994  by  the  American  Society  for  Pharmacology  and  Experimental 
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charges  may  be  stopped  once  the  slow  depolar¬ 
ization  is  brought  down  by  a  drug  just  below  the 
threshold  for  excitation.  The  concentration  of  the 
drug  for  this  action  will  be  much  less  than  the 
EC50.  Thus,  as  far  as  drugs  that  act  through  a 
threshold  phenomenon  are  concerned,  we  need 
to  reconsider  the  traditional  pharmacological 
concept  which  dictates  the  comparison  of  the  in 
vitro  EC50  value  with  the  drug  concentration  in 
the  patient  serum. 

1.2.  Temperature  dependence  of  pyrethroid 
modification  of  sodium  channels 

It  is  well  known  that  temperature  has  a 
profound  effect  on  the  insecticidal  activity  of 
pyrethroids  with  their  potencies  increasing  with 
lowering  the  temperature  [3,9,10].  The  negative 
temperature  dependence  of  the  insecticidal  ac¬ 
tivity  of  pyrethroids  is  due  largely  to  an  increase 
in  nerve  sensitivity  to  the  insecticide  with  lower¬ 
ing  the  temperature  [2,9,10].  However,  no  data 
are  available  for  mammalian  brain  neurons  and 
no  mechanism  underlying  the  temperature  de¬ 
pendence  of  pyrethroid  sensitivity  of  sodium 
channels  has  been  elucidated  yet. 

Both  current  clamp  and  voltage  clamp  experi¬ 
ments  were  performed  with  rat  cerebellar  Pur- 
kinje  neurons.  Tetramethrin  at  100  and  300  nM, 
which  modifies  0.62  and  2.19%  of  sodium  chan¬ 
nels,  respectively  (Table  1)  induces  repetitive 
after-discharges  at  low  temperatures  (15-20°C) 
but  repetitive  responsiveness  subsided  at  higher 
temperatures  (30-35°C).  Voltage  clamp  experi¬ 
ments  disclosed  profound  influence  of  tempera¬ 
ture  on  tetramethrin-induced  slow  tail  currents. 
While  the  peak  amplitude  of  tail  current  was  not 
drastically  changed  by  temperature  change,  both 
the  rising  and  falling  phases  of  slow  tail  current 
were  greatly  slowed  by  lowering  the  tempera¬ 
ture.  The  temperature-dependent  effect  of  tetra¬ 
methrin  was  analyzed  with  respect  to  3  different 
parameters.  The  percentages  of  modified  chan¬ 
nels  by  3  /iM  tetramethrin  and  the  time  constant 
of  the  falling  phase  of  tetramethrin-induced  tail 
current  were  decreased  by  raising  the  tempera¬ 
ture.  The  ratios  of  the  charge  movement  during 
the  tail  current  to  that  during  the  peak  current 


were  drastically  decreased  with  increasing  the 
temperature. 

The  temperature  dependence  of  tetramethrin 
effect  on  sodium  current  can  be  described  by 
their  temperature  coefficient  Q1()  which  is  calcu¬ 
lated  from  the  equation: 

Q10=  (3) 

where  Xx  is  the  value  of  the  experimental  param¬ 
eter  measured  at  a  low  absolute  temperature  71, 
and  X2  is  that  at  a  high  absolute  temperature  72. 
The  Q10  values  for  the  percentage  of  the  sodium 
channels  modified  by  3  yuM  tetramethrin  are 
about  the  same  in  the  2  temperature  ranges,  0.77 
and  0.79  for  20-30°C  and  25-35°C,  respectively. 
The  charge  movement  during  tail  current  shows 
a  large  negative  temperature  coefficient,  with  the 
Q10  values  of  <0.22  and  0.18  for  20-30°C  and 
25-35°,  respectively.  Thus,  the  increased  and 
prolonged  flow  of  sodium  ions  through  tetra- 
methrin-modified  sodium  channels  at  low  tem¬ 
peratures  augments  the  depolarizing  after-poten¬ 
tial  which  in  turn  reaches  the  threshold  for 
repetitive  after-discharges.  Although  the  effects 
of  pyrethroids  on  the  nerve  as  a  function  of 
temperature  have  been  studied  using  various 
materials  by  observing  either  action  potentials  or 
sodium  currents,  the  present  study  is  the  first  to 
successfully  correlate  changes  in  action  potentials 
and  sodium  currents  in  the  presence  of  pyret¬ 
hroids  and  as  a  function  of  temperature  in  the 
same  preparation. 

1.3.  Selective  toxicity  of  pyrethroids 

Pyrethroids  are  much  more  potent  on  insects 
than  on  mammals.  The  mechanism  underlying 
this  selective  toxicity  has  traditionally  been  as¬ 
cribed  to  the  differences  in  metabolic  degra¬ 
dation  of  pyrethroids  between  insects  and  mam¬ 
mals.  However,  this  factor  alone  fails  to  explain 
large  differences  in  LD50  values.  We  have  finally 
come  to  the  conclusion  about  the  mechanism  of 
selective  toxicity  of  pyrethroids  by  carefully 
taking  into  consideration  5  factors.  The  most 
important  are  3  factors  that  involve  the  sensitivi¬ 
ty  of  sodium  channels  to  pyrethroids,  the  tem¬ 
perature  coefficient  of  action  of  pyrethroids  on 
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sodium  channels,  and  the  reversibility  of  sodium 
channels  from  pyrethroid  intoxication. 

The  difference  in  each  contributing  factor 
between  rat  Purkinje  neurons  and  invertebrate 
axons  was  calculated.  First,  since  there  is  a  10°C 
difference  in  temperature  between  mammals  and 
invertebrates  and  also  since  the  Q10  value  for 
pyrethroid  action  on  the  nerve  membrane  is  0.2 
in  both  cases,  the  difference  in  toxicity  ascribed 
to  temperature  difference  is  estimated  to  be  5. 
Second,  the  intrinsic  sensitivity  of  sodium  chan¬ 
nels  to  tetramethrin  is  at  least  10  times  lower  in 
mammals  than  in  vertebrates.  Third,  the  recovery 
of  sodium  channels  from  tetramethrin  intoxica¬ 
tion  after  washing  in  vitro  is  at  least  5  times 
faster  in  mammals  than  in  invertebrates.  A 
fourth  contributing  factor  is  enzymatic  detoxica¬ 
tion  of  pyrethroids  which  is  estimated  to  be  3 
times  faster  in  mammals  than  in  invertebrates 
due  to  temperature  difference.  A  fifth  factor  is 
body  size;  pyrethroids  have  more  chance  to  be 
detoxified  before  reaching  the  target  site  in 
mammals  than  in  invertebrates  with  an  estimated 
difference  of  at  least  3.  Thus,  the  overall  differ¬ 
ence  in  tetramethrin  toxicity  is  estimated  to  be 
2250-fold  between  mammals  and  invertebrates 
which  is  in  the  same  order  of  magnitude  as  the 
differences  in  measured  LD50  values  of  500- 
4500-fold  for  tetramethrin  [11-14]. 

2,  Dieldrin  modulation  of  GABA  receptor- 
channel  complex 

2.1.  Dual  action  of  dieldrin  on  GABA  system 

We  have  embarked  on  an  extensive  study  of 
the  action  of  the  cyclodiene  dieldrin  on  the 
GABAa  receptor-chloride  channel  complex.  The 
initial  stage  was  to  characterize  the  mechanism  of 
action  of  dieldrin  on  the  whole-cell  GABA-in¬ 
duced  chloride  current  in  rat  DRG  neurons  in 
primary  culture.  The  second  stage  was  to  identify 
the  GABA  receptor  subunits  and  their  combina¬ 
tions  that  were  required  for  the  dieldrin  action 
using  human  embryonic  kidney  (HEK  293)  cell 
lines  in  which  GABA  receptor  subunits  had  been 
expressed  in  various  combinations. 

The  GABAa  receptor-chloride  channel  com¬ 
plex  is  known  to  be  the  target  site  of  dieldrin  and 


lindane.  In  order  to  elucidate  the  mechanism  of 
dieldrin  interaction  with  the  GABA  system, 
whole-cell  patch  clamp  experiments  were  per¬ 
formed  with  rat  DRG  neurons  in  primary  culture 
[15].  When  co-applied  with  GABA,  dieldrin 
exerted  a  dual  effect  on  the  GABA-induced 
chloride  current  (Fig.  2).  The  chloride  current 
induced  by  10  /iM  GABA  was  greatly  enhanced 
by  the  first  20-s  co-application  with  1  yuM  de¬ 


control  1  min  2  min  3  min  4  min  5  min 


/v 


500  pA 


50  sec 


Fig.  2.  Effects  of  dieldrin  on  GABA-induced  chloride  cur¬ 
rents  in  a  rat  DRG  neuron.  (A)  Current  records  in  response 
to  20-s  application  of  10  fiM  GABA  (solid  bar)  and  to 
co-application  of  10  /tM  GABA  and  1  /aM  dieldrin  (dotted 
bar)  at  the  time  indicated  after  taking  control  record.  The 
peak  amplitude  of  current  is  greatly  enhanced  but  gradually 
decreases  during  repeated  co-applications.  Desensitization  of 
current  is  accelerated.  (B)  Time  course  of  the  changes  in 
peak  current  amplitude  before  and  during  repeated  co-appli¬ 
cations  (dotted  line).  (Reproduced  with  permission  from  Ref. 
[15].  Copyright  1994  by  the  American  Society  for  Pharma¬ 
cology  and  Experimental  Therapeutics). 
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drin,  but  the  enhancement  subsided  during  re¬ 
peated  co-applications,  and  the  current  was 
eventually  suppressed  below  the  control  level. 
No  recovery  occurred  after  a  prolonged  washing 
with  dieldrin-free  solution.  Desensitization  of  the 
chloride  current  was  accelerated  by  dieldrin. 
However,  when  the  period  of  co-application  was 
limited  to  2  s,  which  was  short  enough  to  avoid 
desensitization,  no  suppression  of  current  was 
observed  during  repeated  co-applications  and 
recovery  occurred  after  washing.  The  desensitiza¬ 
tion  and  suppression  occurred  with  an  EC50  of  92 
nM,  whereas  the  enhancement  required  a  higher 
ECS0  at  754  nM.  The  GABA-induced  chloride 
current  comprised  2  components,  one  with  a  high 
sensitivity  to  dieldrin  suppression  with  an  EC50 
of  5  nM  and  the  other  with  a  lower  sensitivity 
with  an  EC50  of  92  nM.  Dieldrin  exerted  its 
inhibitory  effect  on  the  GABA-induced  current 
regardless  of  the  presence  or  absence  of  pen¬ 
tobarbital  and  chlordiazepoxide.  However,  its 
effect  was  attenuated  by  the  presence  of  pic- 
rotoxin.  Furthermore,  dieldrin  suppressed  the 
GABA-induced  chloride  current  in  noncompeti¬ 
tive  manner.  These  results  indicate  that  dieldrin 
binds  to  the  picrotoxin  site  which  is  closely 
associated  with  the  chloride  channel.  The  sup¬ 
pressive  action  of  dieldrin  on  the  GABA-in- 
duced  chloride  current  is  deemed  directly  re¬ 
sponsible  for  excitatory  systems  of  poisoning  in 
animals,  but  the  role  of  the  enhancing  action  is 
not  clear. 

2.2.  GABA  receptor  subunits  required  for 
dieldrin  action 

Molecular  biological  studies  have  recently  re¬ 
vealed  the  structures  of  several  subunit  proteins 
of  the  GABAa  receptor-chloride  channel  com¬ 
plex.  The  complex  is  believed  to  be  a  pentameric 
protein  comprising  5  subunits  in  various  combi¬ 
nations  [16].  At  present  6  as,  4  /3s ,  3  ys,  1  8  and 
2  ps  subunit  are  known  to  exist  [17,18].  Different 
subunits  have  been  shown  to  differ  considerably 
in  their  sensitivity  to  the  actions  of  various  drugs 
[19].  The  presence  or  absence  of  the  y2  subunit 
in  the  GABAa  receptor  structure  influences  the 
action  of  benzodiazepines  and  Zn.  However,  the 
subunit  requirements  for  the  action  of  barbitu¬ 


rates,  TBPS  and  picrotoxin  on  the  GABAa 
receptor-channel  complex  are  controversial. 
Nothing  is  known  about  the  role  of  the  GABA 
receptor  subunits  in  the  action  of  cyclodiene  and 
lindane-type  insecticides.  The  observed  dual  ac¬ 
tion  of  dieldrin  and  the  high  and  low  sensitivity 
to  dieldrin  may  be  due  to  its  selective  action  on 
different  combinations  of  subunits. 

We  have  studied  the  differential  effects  of 
dieldrin  on  the  GABA-induced  chloride  current 
of  human  embryonic  kidney  cells  expressing  3 
different  combinations  of  a,  /3  and  y  subunits 
[20].  The  EC50  values  for  GABA  induction  of 
current  were  estimated  to  be  9.8  pM  for  the 
al/32y2s  combination,  2.0  gM  for  the  al/32 
combination  and  3.0  gM  for  the  a6/32y2s  combi¬ 
nation.  When  co-applied  with  GABA,  dieldrin 
exerted  a  dual  effect,  enhancement  and  suppres¬ 
sion,  on  the  GABA-induced  chloride  currents  in 
the  al/32y2s  and  a6/32y2s  combinations.  How¬ 
ever,  only  suppression  was  observed  in  the  al/32 
combination,  indicating  that  the  y  subunit  is 
necessary  for  dieldrin‘s  enhancing  effect.  Diel¬ 
drin  was  more  efficacious  in  enhancing  the  cur¬ 
rent  in  the  a6/32y2s  combination  than  in  the 
al/32y2s  combination,  indicating  some  specific 
role  of  a  subunits  in  the  dieldrin  enhancement  of 
current.  Dieldrin  suppressed  the  GABA-induced 
current  in  a  non-competitive  manner,  with  an 
EC50  value  of  2.1  pM  for  al/32y2s,  2.8  gM  for 
al/32  and  1.0  ^iM  for  a6/32y2s  combination. 
These  results  indicated  that  dieldrin  suppression 
did  not  require  specific  subunit  combinations 
among  the  3  tested. 
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Abstract 

The  effects  of  ryanodine  and  9,21-didehydroryanodol  on  mammalian  and  insect  muscles  have  been  compared. 
Whereas  ryanodine  markedly  affected  the  functioning  of  insect  and  mammalian  muscles,  the  action  of  9,21- 
didehydroryanodol  was  mainly  restricted  to  the  insect  muscles.  Unlike  ryanodine,  9,21-didehydroryanodol  did  not 
elicit  a  contracture  from  insect  muscles,  yet  it  inhibited  muscle  contractions.  This  inhibition  is  associated  with 
changes  in  the  ion  selectivities  of  potassium  channels  located  in  the  muscle  plasma  membrane.  These  changes  lead 
to  a  decline  in  muscle  resting  potential  and  loss  of  excitability. 

Keywords:  Ryanodine;  9,21-Didehydroryanodol;  Mouse  diaphragm  muscle;  Insect  muscle;  Potassium  channels 


1.  Introduction 

Extracts  from  the  ground  stem-wood  of  the 
plant  Ryania  speciosa  have  been  used  as  insec¬ 
ticides  for  about  50  years.  A  major  component  of 
these  extracts  is  the  alkaloid  ryanodine,  a  com¬ 
pound  that  has  been  used  extensively  to  study 
excitation-contraction  coupling  of  muscle. 
Ryanodine  (ryanodyl  3-(pyrrole-2-carboxylate)) 
is  a  complex  bridged  diterpene  heptol  (Fig.  1) 
[1].  It  is  a  selective  insecticide,  but  one  with  high 
mammalian  toxicity  (Table  1).  Ryanodine  re¬ 
ceptors  with  high  binding  affinities  for  the  al¬ 
kaloid  (Table  2)  have  been  isolated  from  a 
variety  of  muscles  of  vertebrates  and  inverte¬ 
brates,  and  some  of  these  receptors  have  been 
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cloned.  They  are  located  in  the  region  of  the 
cisternae  of  muscle  sarcoplasmic  reticulum  (SR) 
where  they  influence  release  of  Ca2+  from  SR. 


□ 


Fig.  1.  Comparison  of  the  structures  of  ryanodine  and  9,21- 
didehydroryanodol. 
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Table  1 


Ryanoids  -  mouse  and  insect  toxicology  (LD5();  jj.g  g  24  h) 


Ryanodine 

9,2 1  -Didehydroryanodol 

Mouse  (i.p.)  (1) 

0.1 

>20 

House  Fly  (i.t.)a  (1) 

0.09 

0.36 

Cockroach  (adult)  (i.t.)" 

0.8 

9(17'") 

Locust  (nymph)  (i.t.)il 

0.7 

-5(5'") 

The  insect  data  arc  more  accurately  50%  knockdown  values  rather  than  LDS()  values  (see  text);  i.p..  inlraperitoneal  injection;  i.t., 
intrathoracic  injection. 

'Plus  piperonyl  butoxide  (1-7  /zg  g“'). 

'"Topical  application. 

(1)  Jefferies,  P.R.  et  al.  (1987)  J.  Med.  Chem.  30,  710. 


Table  2 


Ryanoids  -  Action  on  skeletal  muscle  ryanodine  receptors 
(IC5„:  nM) 


Ryanodine 

Ryanodol 

Rabbit 

10  (13  A 

3500(1000'") 

Mouse 

2.6 

901 

House  Fly 

2.8 

395 

Cockroach 

3.0 

379 

After  80-  to  120-min  incubation  with  muscle  protein  at  37°C. 

Value  for  9,21-didehydroryanodine. 

'"Value  for  9,21-didehydroryanodol. 

From  Waterhouse  et  al.  [2]  and  Lehmberg  and  Casida  [4], 

This  influence  is  thought  to  account  for  failure  of 
excitation-contraction  coupling  and  for  the  ap¬ 
pearance  of  a  muscle  contracture  during 
ryanodine  poisoning.  Studies  of  [3H]ryanodine 
binding  to  mammalian  muscle  (Table  2)  suggest 
that  SR  ryanodine  receptors  play  an  essential 
role  in  the  mammalian  toxicity  of  ryanoids.  Also, 
the  IC50  value  for  binding  of  ["Hjryanodine  to 
insect  SR  ryanodine  receptors  (Table  2)  is  in  the 
range  that  would  be  expected  if  these  receptors 
play  a  pivotal  role  in  ryanodine  toxicity. 

In  insects  and  mammals  ryanodine  can  cause 
muscle  rigor,  although  the  final  outcome  of 
ryanodine  poisoning  may  be  either  a  tonic  or  a 
flaccid  paralysis.  When  ryanodine  enters  an  insect 
it  is  rapidly  metabolised,  probably  by  oxidation. 
As  a  result,  an  insect  that  suffers  knockdown  by 
this  alkaloid  may  eventually  recover.  To  prevent 
this,  piperonyl  butoxide  may  be  used  as  a  cyto¬ 
chrome  P45()-oxidase  inhibitor  [1],  in  which  case 
the  insect  toxicity  of  ryanodine  is  sometimes 
irreversible.  Casida  and  colleagues  compared  the 


toxicities  of  ryanodine  and  analogues  to  insects 
and  mammals  (Table  1)  [1-4].  The  non-selective 
toxicity  of  ryanodine  was  confirmed,  but  two 
alcohols,  ryanodol  and  9,21-didehydroryanodol 
(Fig.  1),  exhibited  a  high  selectivity  for  insects 
over  mammals  (Table  1).  In  this  study,  the 
actions  of  ryanodine  (Fig.  1)  and  9,21-di¬ 
dehydroryanodol  (Fig.  2)  (ryanodol  was  not 
available,  but  studies  by  Casida  and  colleagues 
have  shown  that  its  pharmacological  properties 
are  very  similar  to  those  of  9,21-di¬ 
dehydroryanodol  (Table  2))  on  insect  and  mam¬ 
malian  muscles  are  compared  in  an  effort  to 
establish  the  reasons  for  the  insect  selectivity  of 
the  alcohol.  If  9,21-didehydroryanodol  paralyses 
insects  by  interacting  with  a  site  that  is  distinct 
from  the  SR  ryanodine  receptor  and  if  this  site  is 
not  present  in  mammalian  muscle,  then  we  might 
have  an  explanation  for  the  insect  selectivity  of 
this  compound.  Is  there  any  evidence  to  support 
this  proposal?  Ryanodol  has  a  low  affinity  for 
insect  and  mammalian  SR  ryanodine  receptors, 
so  if  the  insect  toxicity  of  this  ryanoid  results 
from  muscle  paralysis  then  presumably  another 
site  must  be  targeted.  What  is  this  site?  It  was 
discovered  over  three  decades  ago  that  the  action 
of  ryanodine  on  locust  leg  muscle  is  not  re¬ 
stricted  to  the  excitation-contraction  coupling 
system,  but  also  involves  the  electrically-ex- 
citability  of  this  muscle  [5].  The  effects  of 
ryanodine  on  the  contractile  system  of  locust 
muscle  are  preceded  by,  and  then  accompanied 
by,  changes  in  electrical  excitability,  with  the 
appearance  of  all-or-none  action  potentials  in  a 
system  that  normally  exhibits  graded  electrical 
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Ryanodine 


i — i  r 

5m,n  10  "4M 


9,21  -didehydroryanodoi 


Force  Displacement 


Fig.  2.  Effects  of  10" 4  M  ryanodine  and  10  4  M  9,21-didehydroryanodol  on  contractions  of  intact,  ‘wandering’  blowfly  ( Lucilia 
sericata)  larvae.  The  experimental  arrangement  is  illustrated  on  the  right.  The  insect  was  attached  by  crocodile  clips  (not  shown)  to 
a  force  displacement  transducer  (strain  gauge)  which  measured  the  body  contractions  of  the  insect.  The  later  occurred  in  bursts  at 
~l-min  intervals.  Following  injection  of  1  ti\  of  10"4  M  ryanodine  through  a  microsyringe  the  body  exhibited  a  contracture,  and 
although  rhythmic  contractions  continued  for  some  time  they  were  eventually  lost.  The  final  outcome  of  ryanodine  poisoning  was 
a  tonic  paralysis  (not  shown).  Injection  of  1  /xl  of  10  4  M  9,21-didehydroryanodol  did  not  cause  a  contracture,  but  the  rhythmic 
contractions  were  eventually  lost  to  produce  a  flaccid  paralysis. 


excitability.  Usherwood  [5]  proposed  that  the 
changes  in  excitability  might  involve  the  K+ 
conductance  properties  of  the  plasma  membrane. 
Do  ryanodol  and  9,21-didehydroryanodol  also 
affect  the  electrical  excitability  of  insect  muscle 
and  could  this  account  for  their  toxicity  to 
insects?  This  membrane  of  locust  skeletal  muscle 
contains  two  types  of  K+  channel:  a  maxi,  Ca2+- 
activated,  170pS  channel;  and  an  inward  rectifier 
of  35pS  conductance,  the  gating  kinetics  of  which 
are  not  influenced  by  Ca2+  [6].  Single  channel 
studies  undertaken  on  patches  of  locust  muscle 
membrane  have  confirmed  that  ryanodine  in¬ 
fluences  these  channels,  but  in  an  unexpected 
fashion  [7-9].  The  alkaloid  converts  the  K  + 
channels  to  channels  that  no  longer  discriminate 
well  between  K+  and  Na+,  a  change  that  has 
inevitable  consequences  for  the  electrical  prop¬ 
erties  of  the  plasma  membrane,  for  the  mechani¬ 
cal  responsiveness  of  muscle  and  for  muscle 
homeostasis.  If  9,21-didehydroryanodol  has  a 
similar  action  on  the  K+  channels  of  insect 


muscle  but  not  those  of  mammalian  muscle, 
could  this  account  for  the  insect  selective  toxicity 
of  this  ryanoid,  bearing  in  mind  that  9,21-di¬ 
dehydroryanodol  has  a  low  affinity  for  ryanodine 
receptors? 


2.  Results 

2.1.  Toxicological  studies 

These  studies  were  undertaken  on  adult  cock¬ 
roaches  (Periplaneta  americana ),  3rd  instar 
locusts  ( Schistocerca  gregaria)  (Table  1)  and 
‘wandering’  larvae  of  blowfly  {Lucilia  sericata) 
(data  not  shown).  Ryanodine  or  9,21-di¬ 
dehydroryanodol  was  applied  topically,  with  and 
without  piperonyl  butoxide,  and  by  injection, 
with  and  without  piperonyl  butoxide.  The  results 
of  these  studies  were  similar  to  those  reported 
for  house  flies  (Table  1)  and  cockroaches  [1,2]. 
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2.2.  Injection  of  ryanoids  into  blowfly  larvae 

When  ‘wandering’  blowfly  (L.  sericata)  larvae 
are  injected  with  1  /xl  of  10 “4  M  ryanodine,  they 
are  rapidly  paralysed,  but  after  24-48  h  they 
recover.  Recovery  is  much  slower  if  larvae  are 
exposed  to  piperonyl  butoxide  before  ryanodine 
injection.  The  paralysis  by  ryanodine  is  accom¬ 
panied  by  contracture  of  the  bodywall  muscula¬ 
ture.  In  contrast,  1  /xl  of  1CT4  M  9,21-di- 
dehydroryanodol  causes  a  flaccid  paralysis  of 
slower  onset.  Recovery  is  again  evident  after 
24-48  h,  but  can  be  slowed  by  prior  treatment  of 
larvae  with  piperonyl  butoxide.  To  further  in¬ 
vestigate  the  paralyses  caused  by  the  two 
ryanoids,  small  crocodile  clips  were  attached  to 
each  end  of  a  larva,  one  end  was  fixed  and  the 
other  was  attached  to  a  strain  gauge  (Fig.  2). 
After  recording  the  bodywall  contractions  for 
about  1  h,  either  1  fi\  10“ 4  M  ryanodine  in  saline 
or  1  (jl\  10 “4  M  9,21-didehydroryanodol  in  saline 
or  1  jjA  saline  alone  was  injected  into  the  larva. 
The  latter  sometimes  caused  a  brief  increase  in 
the  frequency  of  bodywall  contractions,  but  was 
otherwise  inactive.  Ryanodine  almost  immedi¬ 
ately  caused  a  body  shortening,  due  to  contrac¬ 
ture  of  longitudinal  bodywall  muscles,  that  did 
not  decline  in  magnitude  for  the  rest  of  the 
recording  (often  >3  h).  Also,  the  spontaneous 
bodywall  muscle  contractions  that  are  normally 
recorded  from  these  preparations  in  the  absence 
of  ryanoid  gradually  decreased  in  frequency. 
9,21-Didehydroryanodol  inhibited  the  bodywall 
muscle  contractions  but  did  not  elicit  a  contrac¬ 
ture.  The  different  actions  of  ryanodine  and  9,21- 
didehydroryanodol  on  insect  muscle  were  further 
established  when  these  compounds  were  applied 
to  either  retractor  unguis  [10]  or  extensor  tibiae 
(Fig.  3A)  [5]  muscles  isolated  from  metathoracic 
legs  of  adult  locusts  (S.  gregaria).  Ryanodine,  but 
not  9,21-didehydroryanodol,  elicited  contractures 
(Fig.  3B),  although  both  ryanoids  reduced  the 
mechanical  responsiveness  of  these  muscles. 

2.3.  Effects  of  ryanoids  on  locust  muscle 

The  neurally-evoked  twitch  contractions  of 
locust  retractor  unguis  muscle  are  inhibited  by 


A  Record 

Stimulate 

it 


Force  Displacement 

Transducer  Saline 


1 CT5  M  1  mir*  20  min 


9,21-didehydroryanodol 


concentrotion  (M) 

Fig.  3.  Effects  of  ryanoids  on  the  neurally-evoked  mechanical 
responses  of  locust  ( Schistocerca  gregaria)  metathoracic  ex¬ 
tensor  tibiae  muscle.  The  experimental  set-up,  that  also 
enables  concomitant  recordings  of  muscle  fibre  membrane 
potentials,  is  illustrated  in  A.  The  top  recording  in  B  shows 
the  effects  of  bath-applied  ryanodine  (10 M)  on  the 
neurally-evoked  twitch  contractions  of  the  extensor  tibiae 
muscle.  Note  the  initial  appearance  of  prolonged  twitches 
followed  by  the  development  of  a  contracture.  The  responses 
to  neural  stimulation  eventually  failed.  The  effects  of  5  X 
10”4  M  9,21-didehydroryanodol  are  illustrated  in  the  bottom 
recording  B.  Note  that  although  the  concentration  of  this 
ryanoid  was  much  higher  it  did  not  elicit  a  muscle  contrac¬ 
ture,  although  it  did  reduce  the  amplitude  of  the  twitch 
contraction.  The  effects  of  ryanodine  (•)  and  9,21-di¬ 
dehydroryanodol  (V)  on  the  amplitude  of  the  neurally- 
evoked  twitch  contraction  of  locust  metathoracic  retractor 
unguis  muscle  are  shown  in  C.  The  time  taken  by  these 
ryanoids  to  reduce  the  twitch  contraction  amplitude  by  50% 
is  plotted  as  a  reciprocal  against  ryanoid  concentration.  Note 
that  according  to  this  measure  ryanodine  is  more  potent  than 
the  alcohol  (but  see  text). 
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ryanodine  and  9,21-didehydroryanodol.  How¬ 
ever,  there  are  significant  quantitative  differences 
in  the  potencies  of  these  compounds.  In  Fig.  3C 
the  reciprocal  of  the  time  taken  to  inhibit  the 
twitch  by  50%  is  plotted  against  log  ryanoid 
concentration.  It  is  clear  from  the  plots  that, 
according  to  this  measure,  ryanodine  is  more 
potent  than  9,21-didehydroryanodol.  This  is 
seemingly  a  surprising  result  in  view  of  the 
similar  insect  toxicities  of  these  compounds? 
However,  the  relatively  short  lifetime  of  the 
muscle  preparations  (max.  12  h),  makes  them 
unsuitable  for  studying  slow  changes  in  mechani¬ 
cal  responsiveness  induced  by  compounds  such 
as  9,21-didehydroryanodol.  In  the  toxicological 
studies  on  whole  insects,  KD50  (50%  knoc¬ 
kdown)  values  for  ryanodine  and  9,21-di¬ 
dehydroryanodol  could  not  be  accurately  deter¬ 
mined  until  —48  h  after  application  of  the 
ryanoids. 

2.4.  Effects  of  ryanoids  on  mammalian  muscle 

Diaphragm  muscles,  with  their  associated 
phrenic  nerves,  were  dissected  from  adult  mice, 
attached  at  one  end  to  the  base  of  a  bath  and  at 
the  other  end  to  a  strain  gauge  and  perfused  with 


02/C02  aerated  saline  at  37°C.  Application  of 
>10“ 9  M  ryanodine  caused  a  muscle  contracture 
and  reduction  in  twitch  contraction  (i.e.  the 
mechanical  response  to  stimulation  of  the 
phrenic  nerve).  In  contrast,  9,21-didehydro¬ 
ryanodol,  at  concentrations  as  high  as  10 ~4  M, 
did  not  elicit  a  contracture  and  had  little  effect 
on  the  amplitude  of  the  twitch  (Fig.  4A,B). 
Higher  concentrations  of  the  alcohol  sometimes 
caused  a  slight  contracture,  and  sometimes  sig¬ 
nificantly  reduced  the  twitch  contraction  am¬ 
plitude  (data  not  shown).  However,  in  compari¬ 
son  with  ryanodine,  the  lack  of  action  of  9,21- 
didehydroryanodol  on  mouse  diaphragm  muscle 
was  quite  remarkable,  but  it  was  not  unexpected 
in  view  of  the  toxicity  studies  described  above. 
The  difference  between  the  two  compounds  is 
graphically  illustrated  in  Fig.  4B.  Even  when 
9,21-didehydroryanodol  was  applied  for  long 
periods,  it  had  little  effect  on  the  amplitude  of 
the  muscle  twitch  contraction. 

2.5.  Changes  in  muscle  resting  potential 

The  appearance  of  muscle  contractures  elicited 
by  ryanodine  give  added  weight  to  the  view  that 
the  insect  toxicity  of  this  compound  involves  its 


Fig.  4.  Effects  of  ryanoids  on  the  neurally-evoked  twitch  contractions  of  mouse  diaphragm  muscle.  In  A,  10“'’  M  ryanodine  causes 
a  large  contracture  and  modifies  the  twitch  contraction  (top  trace),  whereas  a  10-fold  higher  concentration  of  9,21-di¬ 
dehydroryanodol  did  not  cause  a  contracture  and  had  no  effect  on  the  twitch  contraction  (bottom  trace).  In  B,  the  times  taken  for 
the  twitch  contraction  amplitude  to  decline  by  50%  in  the  presence  of  ryanodine  (•)  and  9,21-didehydroryanodol  (V)  are  plotted 
as  reciprocals  against  ryanoid  concentration. 
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interaction  with  SR  ryanodine  receptors.  What 
then  accounts  for  the  paralysis  caused  by  9,21- 
didehydroryanodol?  Is  this  due  to  alterations  in 
the  electrical  excitability  of  muscle  as  proposed 
by  Usherwood  [5]  in  1962?  Like  ryanodine,  9,21- 
didehydroryanodol  converts  the  graded  electrical 
excitability  of  locust  muscle  to  all-or-none  ex¬ 
citability,  but  this  change  would  not  account  for 
loss  of  contractile  function.  However,  Usher¬ 
wood  [5]  noted  that  during  long-term  exposure 
of  locust  muscle  to  ryanodine  the  resting  po¬ 
tential  (Em)  of  the  muscle  declines,  a  change  that 
could  eventually  lead  to  a  loss  of  mechanical 
responsiveness.  The  resting  tension  of  locust  (5. 
gregaria)  metathoracic  extensor  tibiae  muscle  has 
been  recorded  concomitantly  with  Em  before  and 
during  application  of  the  two  ryanoids  (Fig.  3A). 
Over  1-  to  3-h  periods  when  a  dissected  muscle  is 
exposed  to  toxin-free  locust  saline  there  is  no 
change  in  resting  tension  and  Em  (data  obtained 
by  sampling  the  membrane  potentials  of  5-10 
muscle  fibres  each  20  min  using  intracellular 
micropipettes  filled  with  3  M  KC1)  remains 
constant  at  approx.  —60  mV.  At  concentrations 
lower  than  10” 4  M,  ryanodine  slowly  reduces  Em, 
but  any  changes  in  this  parameter  occur  after  the 
appearance  of  a  muscle  contracture.  With  10”4  M 
ryanodine,  the  change  in  Em  occurs  before  mus¬ 
cle  contracture  ensues.  9,21-Didehydroryanodol 
also  lowers  Em,  the  rate  of  change  in  Em  being 
directly  proportional  to  the  ryanoid  concentra¬ 
tion.  However,  the  changes  in  Em  are  never 
accompanied  by  the  appearance  of  a  muscle 
contracture  (Fig.  3B).  With  both  ryanoids  there 
is  sometimes  a  slight  increase  in  Em  almost 
immediately  after  their  application  [5].  What  is 
the  basis  for  the  changes  in  Em  observed  with  the 
two  ryanoids?  The  single  channel  studies  summa¬ 
rised  below  provide  a  possible  explanation. 

2.6.  Single  channel  studies 

Patches  were  made  from  the  plasma  mem¬ 
brane  of  metathoracic  extensor  tibiae  fibres  of 
adult  locusts  (S.  gregaria).  Cell-attached,  inside- 
out  and  outside-out  patches  were  used  [7-9]. 
Patches  were  also  made  from  plasma  membrane 
of  mouse  (30-  to  45-day-old)  interosseal  muscles 


Table  3 

Ryanoid  induced  changes  in  permeability  of  mouse  muscle 
potassium  channel  (BK  channel)  and  locust-muscle  potas¬ 
sium  channels.  Vlx.v,  reversal  potential  of  potassium  channel  in 
the  presence  of  ryanoid.  Vrcv.(0),  reversal  potential  before 
ryanoid  application  apparent  dissociation  constant 


(Vrtfv(0)-Vrcv)/ 

Vrcv(0) 

*d51l  (nM) 

Mouse 

Ryanodine 

0.33 

2.1  ±0.7 

9,21-Didehydroryanodol 

0.18 

8.7  ±  1.9 

Locust 

Ryanodine 

>0.8 

28  ±  15 

9,2 1  -Didehydroryanodol 

0.42 

1.5  ±0.1 

dissected  from  hind  feet.  Ryanodine  had  similar 
effects  on  the  two  types  of  K+  channel  present  in 
patches  of  locust  muscle  membrane.  At  con¬ 
centrations  as  low  as  10” 9  M,  ryanodine  irrever¬ 
sibly  shifts  the  reversal  potential  (Vrcv)  from 
about  -60  mV  towards  zero;  with  10  ”6  M 
ryanodine,  Vrcv  is  reduced  to  about  -20  mV.  This 
action  of  ryanodine  has  an  apparent  dissociation 
constant  (Kd)  of  28  nM.  Although  the  magnitude 
of  the  change  in  Vrcv  induced  by  9,21-di- 
dehydroryanodol  is  less  than  that  for  ryanodine, 
the  Kd  is  lower,  i.e.  1.5  nM.  The  effect  of  the 
ryanoids  on  Vrev  was  independent  of  the  Ca2+ 
concentration  on  either  side  of  a  membrane 
patch.  Neither  ryanodine  nor  9,21-di- 
dehydroryanodol  affected  the  conductances  of 
the  K  channels  and  their  kinetics,  although  the 
latter  have  not  yet  been  studied  systematically 
during  ryanoid  application.  Ryanodine  and  9,21- 
didehydroryanodol  also  changed  Vrev  of  a  Ca2+- 
activated  channel  in  the  plasma  membrane  of 
mouse  skeletal  muscle.  Although  the  Kd  values 
were  similar  to  those  for  the  locust,  maximal 
changes  in  Vrcv  were  lower  than  for  locust  muscle 
(Table  3). 


3.  Discussion 

The  changes  in  membrane  excitability  ob¬ 
served  during  application  of  ryanodine  and  9,21- 
didehydroryanodol  to  locust  skeletal  muscle 
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could  be  accounted  for  by  the  effects  of  these 
compounds  on  the  ion  selectivities  of  K+  chan¬ 
nels  of  the  plasma  membrane.  Ba2+  and  some 
other  divalent  cations  also  convert  the  graded 
responsiveness  of  insect  muscle  to  all-or-none 
responsiveness,  but  by  blocking  plasma  mem¬ 
brane  K+  channels  rather  than  by  changing  their 
ion  selectivities  [1].  Is  there  any  evidence  that  the 
Ca2+  released  from  intracellular  stores  by 
ryanodine  is  responsible  for  the  changes  in  prop¬ 
erties  of  the  K+  channels  during  ryanodine 
application  to  locust  muscle?  This  seems  unlikely 
because  these  changes  were  also  observed  during 
application  of  ryanodine  to  excised  patches  of 
muscle  plasma  membrane.  Also,  it  has  been 
established  that  9,21-didehydroryanodol  has  a 
low  affinity  for  SR  ryanodine  receptors  and, 
therefore,  does  not  seemingly  release  Ca2+  from 
intracellular  stores  of  locust  muscle,  yet  this 
compound  alters  the  ion  selectivities  of  the  K+ 
channels  in  this  tissue.  The  changes  in  K+  chan¬ 
nel  ion  selectivity  occur  very  quickly  after  appli¬ 
cation  of  10  4  M  ryanoid,  as  does  the  appearance 
of  all-or-none  action  potentials,  yet  the  contrac¬ 
tile  system  is  unaffected  at  this  time.  However, 
twitch  contractions  may  be  enhanced  and  repeti¬ 
tive  contractions  of  variable  amplitude  may  fol¬ 
low  a  single  brief  stimulus.  With  10  4  M 
ryanodine,  a  muscle  contracture  soon  ensues,  Em 
declines  and  the  electrical  excitability  of  the 
muscle  falls.  The  decline  in  Em  and  electrical 
excitability  are  probably  causally  related  phe¬ 
nomena,  but  is  the  fall  in  Em  associated  with  a 
rise  in  intracellular  free  Ca2  +  ?  Neither  of  the  K+ 
channels  inactivate  during  ryanodine  treatment. 
Although  the  open  probability  of  the  170pS 
channel  is  increased  when  intracellular  free  Ca2+ 
is  raised,  this  influence  of  Ca2+  saturates  when 
the  Ca2+  concentration  reaches  10“ 9  M.  The 
release  of  Ca2+  from  intracellular  stores  during 
ryanodine  poisoning  is  expected  to  produce 
much  higher  concentrations  than  this.  It  is  pos¬ 
sible  of  course,  that  release  of  Ca2+  from  in¬ 
tracellular  stores  during  ryanodine  treatment 
perturbs  other  components  of  the  system  that 
controls  Em.  However,  9,21-didehydroryanodol 
does  not  seemingly  raise  the  intracellular  free 
Ca2+  concentration,  yet  it  does  lower  Em  of 


locust  muscle.  The  change  in  ion  selectivities  of 
the  plasma  membrane  K+  channels  would  lead 
to  a  fall  in  Em  if  the  plasma  membrane  Na  +  /K+ 
pump  could  not  cope  with  the  resultant  influx  of 
Na+  ions.  In  intact  insects,  oxygen  consumption 
increases  by  —20%  after  injection  with  Ryania 
speciosa  extract  [12].  Such  a  change  would  be 
consistent  with  an  increase  in  Na  +  /K+  ATPase 
activity.  During  application  of  10 -4  M  ryanoid 
the  fall  in  Em  is  initially  rapid,  but  then  it 
declines  more  slowly.  In  fact,  the  high  Cl- 
conductance  of  locust  muscle  [13]  will  slow  down 
the  rate  of  change  of  Em. 

Does  the  action  of  9,21-didehydroryanodol  on 
the  K+  channels  of  locust  muscle  and  its  low 
affinity  for  SR  ryanodine  receptors  in  mammals 
account  for  the  insect  selective  toxicity  of  this 
ryanoid  as  suggested  in  Fig.  5?  Undoubtedly,  the 
low  affinity  of  9,21-didehydroryanodol  for  mam- 
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Fig.  5.  Diagrammatic  representation  of  ryanoid  action  on  an 
insect  muscle  fibre.  Two  sites  of  action  have  been  identified. 
Site  1  is  the  SR  ryanodine  receptor.  When  ryanodine  binds  to 
this  receptor  the  free  intracellular  Ca2H  concentration  of  the 
muscle  fibre  is  raised,  excitation-contraction  coupling  fails 
and  a  contracture  is  elicited.  Ryanodine  has  a  high  affinity  for 
this  site;  the  affinity  of  9,21-didehydroryanodol  is  much 
lower.  Site  2  involves  two  types  of  K4  channel  located  in  the 
plasma  membrane  of  the  muscle  fibre.  Ryanodine  and  9,21- 
didehydroryanodol  have  high  affinities  for  this  site.  Conver¬ 
sion  of  the  K+  channels  to  channels  that  discriminate  poorly 
between  K+  and  Na+  leads  to  an  increase  in  the  intracellular 
Na+  concentration  of  the  muscle,  a  decline  in  the  potential 
difference  across  the  plasma  membrane  and  loss  of  electrical 
and  mechanical  excitabilities. 
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malian  SR  ryanodine  receptors  and  its  weak 
affect  on  plasma  membrane  K+  channels  in  these 
animals  at  least  contributes  to  its  low  mammalian 
toxicity.  The  influence  of  9,21-didehydroryanodol 
on  insect  muscle  K+  channels  could  account  for 
the  flaccid  paralysis  that  is  seen  during  its  topical 
application  to  insects,  but  further  studies  will  be 
required  to  establish  whether  this  is  the  only 
reason  for  its  insect  toxicity.  Also,  the  action  of 
9,21-didehydroryanodol  on  plasma  membrane  of 
insect  muscle  may  not  be  restricted  to  K+  chan¬ 
nels.  Studies  currently  in  progress  are  designed 
to  see  whether  other  voltage-gated  channels  are 
involved.  Is  9,21-didehydroryanodol  a  possible 
insecticide?  In  view  of  its  low  mammalian  toxici¬ 
ty  and  its  relative  high  insect  toxicity  the  answer 
must  be  in  the  affirmative.  Unfortunately,  this 
ryanoid  is  a  natural  product  which  is  costly  to 
extract  and  which  would  be  difficult  and  expen¬ 
sive  to  synthesise.  However,  it  may  be  possible 
through  structure /activity  studies,  allied  to  a 
programme  of  synthetic  chemistry,  to  design 
ryanoids  that  are  simpler  structurally  than  the 
natural  product  and  that  have  even  greater  insect 
selectivity.  Nevertheless,  it  may  be  wise  to  inject 
a  note  of  caution  here.  Although  9,21-di¬ 
dehydroryanodol  has  only  a  slight  effect  on  ion 
selectivity  of  a  K+  channel  in  the  plasma  mem¬ 
brane  of  mouse  muscle  and  this  does  perturb 
muscle  function,  at  least  in  short-term  studies, 
this  mammalian  toxicity  should  not  be  ignored. 
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Abstract 

Zinc  (Zn),  aluminium  (Al),  mercury  (Hg),  methylmercury  (MeHg)  and  lead  (Pb)  extracellulary  applied  reduce 
voltage-activated  calcium  channel  currents  (VACCCs);  Pb  and  Al  also  reduce  V-methyl-D-aspartate  (NMDA)- 
activated  channel  currents  (NACCs).  Pb  is  most  effective  in  reducing  VACCCs,  with  an  IC50  of  0.46  fx M,  followed 
by  Hg  (IC50  =  1.1  ix M)  and  MeHg  (IC50  -  2.6  /aM).  Zn  and  Al  were  less  potent  (IC50  =  69  and  84  /aM, 
respectively).  Al  acts  on  channels  in  the  open  state;  its  effect  is  pH  dependent.  The  effects  of  Pb  were  specific  for 
VACCCs  and  NACCs.  Hg,  Al  and  Zn  had  only  minor  effects  on  voltage-activated  potassium  and  sodium  channels, 
while  MeHg  reduced  potassium  channel  currents  (IC50  =  2.2  jiaM)  and,  at  higher  concentrations,  sodium  channel 
currents  (IC50  =  12.3  ^laM).  Al  also  reduced  other  receptor-activated  channel  currents.  These  results  demonstrate 
that  a  variety  of  metal  species  produce  different  actions  at  the  level  of  the  cell  membrane. 

Keywords:  Voltage-activated  calcium  channel  currents  (VACCCs);  NMDA-activated  channel  currents  (NACCs); 
Lead  (Pb);  Mercury  (Hg);  Methylmercury  (MeHg);  Aluminum  (Al);  Zinc  (Zn) 


1.  Introduction 

Learning  and  memory  processes  are  triggered 
by  a  rise  of  the  intracellular  calcium  concen¬ 
tration.  While  the  extracellular  calcium  concen¬ 
tration  is  in  the  millimolar  range,  the  intracellu¬ 
lar  calcium  concentration  in  neurons  is  very  low 
(10  7-10-6  M)  and  closely  regulated.  Extracellu¬ 
lar  calcium  enters  neurons  through  calcium 
permeable  ‘gates’.  These  calcium  permeable 
channels  are  opened  by  2  entirely  different 
mechanisms:  the  first  is  the  receptor-activated 
type,  opened  by  the  agonist  V-methyl-D-aspar- 
tate  (NMD A),  while  the  second  type  is  opened 
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by  depolarization  of  the  membrane  potential. 
Hence,  the  first  type  is  named  the  NMDA-acti¬ 
vated  channel  (NAC)  and  the  second  the  volt¬ 
age-activated  channel  (VACC).  NACs  have  a 
magnesium  and  a  zinc  binding  site  and  are 
modulated  by  different  metals  [1].  For  VACCCs 
several  subtypes  have  been  described  [2],  all  of 
them  are  highly  selective  for  calcium. 

Zinc  (Zn)  is  an  essential  metal,  while  other 
metals  and  metal  compounds  such  as  mercury 
(Hg),  methylmercury  (MeHg),  aluminum  (Al) 
and  lead  (Pb)  are  toxic  and  interfere  with  cogni¬ 
tive  functions.  We  examined  the  effects  of  these 
metals  using  the  whole-cell  patch  clamp  tech¬ 
nique  with  either  cultured  rat  dorsal  root  gang¬ 
lion  (DRG)  neurons  for  recording  voltage-acti¬ 
vated  calcium  channel  currents  (VACCCs),  or 
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acutely  isolated  rat  hippocampal  neurons  for 
NMDA-activated  channel  currents  (NACCs). 

2.  Materials  and  methods 

Cultures  of  neurons  from  the  DRG  of  young 
rats  were  used  to  study  the  actions  of  metals  on 
VACCCs.  Since  DRG  neurons  do  not  express 
NMDA  receptors,  acutely  isolated  hippocampal 
neurons  were  used  to  study  NACCs. 

2.1.  Preparation  and  recordings  of  hippocampal 
neurons 

Hippocampal  slices  from  2-3-week-old  rats 
were  prepared  and  incubated  for  40  min  in 
Kreb’s  Ringer  solution  (Table  1;  bubbled  with 
carbogen).  The  slices  were  transferred  to  a  low 
calcium  medium  (Table  1)  for  10  min  and 
treated  with  Aspergillus  oryzae  protease  (Sigma; 
3.5  units /mg).  These  slices  could  be  maintained 
for  up  to  10  h  at  room  temperature. 

The  neurons  were  isolated  by  mechanical 


teasing  of  the  slices  using  a  pair  of  glass  needles. 
In  most  cases  CA1  neurons  were  used  for  record¬ 
ing.  For  whole  cell  patch-clamp  recordings  the 
solution  was  changed  to  the  recording  solution  as 
indicated  in  Table  1. 

2.2.  Preparation  and  recordings  of  DRG 
neurons 

DRG  were  removed  from  2-4-day-old  rat  pups 
and  stored  in  phosphate-buffered  saline.  The  gan¬ 
glia  were  incubated  in  0.9  ml  F14  medium  (DUN, 
Germany)  containing  10%  horse  serum  (GIBCO, 
USA)  and  0.1  ml  collagenase  (12.5  mg/ml;  Sigma 
Type  II),  for  13  min  at  37°C.  After  the  incubation 
the  collagenase  was  removed  and  the  ganglia  were 
washed  in  F14  medium  3-5  times.  Trypsin  stock 
(0.1  ml,  from  25  mg/ml;  Sigma  Type  IX)  and  0.9 
ml  F14  were  added  and  the  ganglia  were  incu¬ 
bated  for  6  min  at  37°C.  After  removing  the 
trypsin-containing  solution,  the  ganglia  were 
washed  with  F14  and  transferred  to  a  plastic  test 
tube  containing  2  ml  F14  medium  with  10%  horse 
serum,  and  DNAase  (1  mg/ 10  ml;  Sigma  Type  II). 


Table  1 


Ionic  composition  of  external  and  internal  solutions 


Tyrodes 

Ca-currents 

Enzyme-Solution 

Asp/Gly 

External 

Internal 

External 

Internal 

Krebs-Ringer 

Asp/Gly 

NaCI 

145.0 

125.0 

125.0 

140.0 

KC1 

2.5 

3.7 

3.7 

5.0 

HEPES 

10.0 

10.0 

10.0 

5.0 

5.0 

10.0 

Glucose 

10.0 

10.0 

10.0 

10.0 

10.0 

CaCE 

1.5 

1.0 

1.8 

1.8 

MgCl, 

1.2 

1.0 

4.0 

0.5 

1.3 

TEA-C1 

130.0 

BaCE 

10.0 

TTX 

0.0004 

CsCl 

140.0 

EGTA 

10.0 

1.0 

Na-ATP1 

kh,po4 

2.0 

1.2 

1.2 

NaHCCE 

KF 

25.0 

25.0 

100.0 

Tris-Cl 

30.0 

pH 

7.4 

7.2 

7.2 

7.4 

7.4 

7.3 

7.2 

All  concentrations  are  given  in  mM. 

1  To  avoid  rundown  of  the  calcium  channel  current  due  to  a  reduction  of  the  energy  pool. 
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The  ganglia  were  triturated  with  a  fire-polished 
Pasteur  pipette  until  they  were  dispersed  and  the 
medium  appeared  opaque.  The  debris  was  re¬ 
moved  by  filtering  through  a  nylon  mesh  (<£200 
yum).  The  cell  suspension  (50-100  yul)  was  placed 
in  small  petri  dishes  (Falcon,  ‘easygrip’)  and  incu¬ 
bated  for  2  h  at  37°C  with  5%  C02.  Then  the 
dishes  were  filled  with  1  ml  F14  containing  10% 
horse  serum.  The  neurons  were  used  within  3  days 
after  preparation. 

2.3.  Recording  technique  and  analysis 

The  neurons  were  patch-clamped  in  the  whole 
cell  configuration  using  a  HEKA  EPC-9  patch- 
clamp  amplifier  controlled  by  a  computer.  Elec¬ 
trode  resistance  was  between  2  and  5  MU  The 
compositions  of  the  internal  and  external  solu¬ 
tions  (Tyrode  and  calcium  current  solutions)  are 
shown  in  Table  1.  All  experiments  were  con¬ 
ducted  at  room  temperature. 

Cells  were  clamped  at  -80  mV  (DRG  neu¬ 
rons)  or  -60  mV  (hippocampal  neurons).  All  sol¬ 
utions  used  for  recordings  are  shown  in  Table  1. 

The  dose-response  relations  for  the  effects  of 
the  various  metals  on  VACCCs  and  NACCs  of 
the  neurons  were  determined  by  fitting  mean 
currents  to  the  equation: 

where  ICa2+(X)  is  t^ie  calcium  current  measured  in 
the  presence  of  a  given  concentration  of  a  metal, 
ICa2-(c(,ntroi)  the  calcium  current  without  the 
metal,  Km  is  the  apparent  dissociation  constant, 
and  n  is  the  Hill  coefficient. 

Metals  were  added  in  different  concentrations 
to  the  external  solution  immediately  before  ap¬ 
plication  to  the  neurons. 


3.  Results 

3.1.  Actions  of  Pb  and  Al  on  NACCs 

Both  Pb  and  Al  reduce  currents  activated 
through  the  NMDA  receptor.  Application  of  the 
agonists  aspartate  (500  /xM)  or  NMDA  (1  mM) 


simultaneously  with  glycine  (20  /xM)  resulted  in 
an  inward  current.  Application  of  Pb  or  Al 
together  with  the  agonist  results  in  a  partially 
reversible,  dose-dependent  reduction  of  the  cur¬ 
rent  through  the  channel /receptor  complex  [3- 
5].  The  current  was  reduced  to  half  at  Pb  con¬ 
centrations  between  20  and  50  /xM,  and  at  Al 
concentrations  of  less  than  50  /xM  (i.  e.  1.4 
yitg/ml  Al).  Both  metals  reduced  the  receptor- 
activated  currents  over  the  whole  voltage  range 
without  changing  the  reversal  potential;  no  volt¬ 
age  dependence  was  found.  Preincubation  with 
Pb  increased  the  reduction  of  the  receptor-acti¬ 
vated  current  [5].  We  did  not  test  the  action  of  Al 
with  preincubation,  but  we  have  shown  that  it 
reduces  glutamate  and  AMPA-activated  currents 
in  a  similar  concentration  range  [4].  As  Alkon- 
don  et  al.  [6]  have  proven,  the  effect  of  Pb  is 
specific  for  NMDA-activated  currents.  Only 
minor  actions  on  kainate-  or  quisqualate-acti¬ 
vated  currents,  with  the  same  concentrations  of 
Pb  which  block  NMDA-activated  currents,  have 
been  shown.  No  interactions  of  Pb  with  the  metal 
binding  sites  of  Zn  or  Mg  of  the  NMDA-re- 
ceptor/ channel  complex  have  been  reported  [7]. 

3.2.  Actions  of  Pb ,  Al,  Hg,  MeHg  and  Zn  on 
VACCCs 

3.2.1.  Actions  on  calcium  channel  subtypes 

3.2.1. 1.  Actions  on  L-IN-type  channels.  De¬ 
polarizing  from  the  holding  membrane  potential 
of  -80  mV  to  0  mV  for  75  ms  results  in  activation 
of  high  VACCCs.  (We  have  not  tested  for  P-type 
calcium  channel  currents). 

All  metals  tested  (Pb,  Al,  Hg,  MeHg  and  Zn) 
reduced  the  peak  of  VACCCs.  Pb  was  most 
effective  in  reducing  these  currents  with  an  IC5() 
of  0.46  yuM  [3],  followed  by  Hg  (IC50  =  1.1)  [8], 
MeHg  (IC50  =  2.6  pM)  [9],  Zn  (IC,„  =  69  yuM) 
[10]  and  Al  (ICM)  =83  pM)  [11].  The  Hill 
coefficient  was  close  to  1  for  Pb,  Hg,  MeHg  and 
Zn.  When  Al  was  applied  the  Hill  coefficent 
varied  with  pH,  from  2.8  (pH  7.7)  to  2.2  (pH  7.3) 
to  nearly  1.4  (pH  6.7)  [12]. 

While  the  reduction  of  the  calcium  channel 
current  by  Pb  was  reversible  up  to  60%,  the 
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actions  of  A1  and  Zn  were  less  reversible  (up  to 
30%).  The  blocking  effect  of  Hg  or  MeHg  was 
not  more  than  10%  reversible. 

3.2.1. 2.  Actions  on  T-type  calcium  channel 
currents.  In  about  5%  of  the  neurons  tested  low 
VACCCs  (through  the  voltage-activated  T-type 
calcium  channels)  could  be  found.  These  currents 
were  activated  maximally  by  a  voltage  step  to 
-30  mV  Pb,  Hg,  MeHg  and  A1  reduced  T- 
channel  currents  in  a  similar  concentration  range 
as  currents  through  high  VACCCs.  Zn  was  differ¬ 
ent:  a  concentration  of  this  metal  which  reduced 
the  peak  current  through  the  L-/N-type  channels 
by  less  than  10%  blocked  the  current  through  the 
lowVACCs  almost  completely  (>80%)  [13].  Due 
to  the  low  number  of  recordings  with  T-type 
channel  currents,  we  were  not  able  to  determine 
a  concentration  response  relationship. 

3.2.2.  Specificity 

We  tested  the  actions  of  Pb,  Al,  MeHg  and  Zn 
on  voltage-activated  sodium  and  potassium  chan¬ 
nels.  (We  have  not  tested  the  specificity  of  Hg). 
All  metals  reduced  these  currents  to  some  de¬ 
gree,  but  Pb,  Al  or  Zn  had  only  a  slight  action 
(<10%  reduction)  on  voltage-activated  potas¬ 
sium  or  sodium  channels  at  concentrations  that 
reduce  the  currents  through  VACCs  by  more 
than  80%  [14].  MeHg  was  about  as  effective  in 
reducing  the  currents  through  potassium  chan¬ 
nels  (IC50  =  2.6  ^M)  as  it  was  in  VACCCs,  while 
sodium  channel  currents  were  less  sensitive  to 
MeHg  (IC50  =  12  pM)  [15]. 


3.2.3.  Time  course  and  use  dependence 

After  application  of  Pb,  Hg,  MeHg  or  Zn,  a 
new  and  lower  steady  state  was  reached  within  a 
few  minutes  [14,15].  With  Al  the  time  to  reach  a 
steady  state  was  about  twice  as  long  [11]. 

The  actions  of  Pb  and  Zn  on  VACCCs  did  not 
depend  on  an  open  channel  state.  With  Hg  or 
MeHg  the  VACCCs  were  partly  reduced  when 
the  channels  were  activated.  In  the  presence  of 
Al  the  VACCCs  were  not  reduced  when  the 
protocol  of  channel  activation  was  resumed  after 
several  minutes  (up  to  6  min)  [11]. 


3.2.4.  Current-voltage  relation 

All  metals  tested  reduced  the  VACCCs  over 
the  entire  voltage  range.  With  Pb,  the  maximal 
current  was  generated  with  exactly  the  same 
depolarisation  step  (to  -5  mV)  as  without  Pb. 
All  other  metals  shifted  the  maximum  of  the 
current  voltage  relation  curve  to  more  depolar¬ 
ized  potentials.  This  shift  depended  upon  the 
concentration  of  the  metal  used  and  was  more 
pronounced  at  higher  concentrations  of  the  met¬ 
als.  The  shift  was  most  obvious  with  Al,  smaller 
with  Zn,  Hg  or  MeHg  [14,15]. 

3.2.5.  Simultaneous  application  of  different 
metals  and  internal  application 

When  Pb,  Zn  or  Al  were  applied  simultan¬ 
eously  in  the  range  of  their  IC50  values,  additive 
actions  on  VACCCs  were  found,  which  were 
independent  of  the  order  of  application  [16]. 
With  2  cations  in  the  external  solution,  VACCCs 
were  reduced  by  75%  (±  9%),  and  were  even 
further  reduced  when  a  third  metal  was  added. 

Al,  applied  extracellularly  or  intracellularly,  on 
VACCCs  reduced  VACCCs  independently  [17]. 
When  Al  was  applied  simultaneously  both  inside 
and  outside,  the  2  effects  were  additive,  sug¬ 
gesting  that  Al  has  both  an  external  and  an 
internal  binding  site. 

Besides  the  direct  effects  on  NACs  and 
VACCs  we  found  some  other  effects,  which  are 
not  directly  related  to  their  actions  on  NACCs  or 
VACCCs: 

3.2.5. 1.  Changes  of  membrane  currents.  While 
Pb,  Al  and  Zn  did  not  change  the  membrane 
current  when  used  in  the  above-mentioned  con¬ 
centration  range  (in  which  the  VACCCs  were 
reduced),  the  application  of  higher  concentra¬ 
tions  of  Hg  (5=2  gM)  or  MeHg  (>10  yuM) 
resulted  in  an  unidentified  membrane  current. 
Hg  caused  an  inward  current,  while  MeHg  gener¬ 
ated  a  biphasic  current  with  a  transient  inward 
and  a  long-lasting  outward  component  [9,15]. 

3. 2.5. 2.  Effects  on  long-term  potentiation.  Pb 
and  Al  reduce  the  generation  and  maintenance 
of  long-term  potentiation  (LTP)  in  vitro  [18,19] 
and  in  vivo  [19,20].  In  a  rat  brain  slice  prepara¬ 
tion,  Pb  and  Al  reduced  LTP  in  a  concentration- 
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dependent  fashion.  LTP  was  abolished  with 
concentrations  of  10  /xM  Pb  or  100  yuM  Al. 


4.  Discussion 

VACCCs  and  NACCs  are  sensitive  to  the 
metals  tested.  Both  Pb  and  Al  reduce  NACCs 
through  the  receptor/channel  complex;  however, 
the  concentrations  of  metal  needed  were  rela¬ 
tively  high  and  most  of  the  effects  were  revers¬ 
ible.  Preincubation  with  Pb  resulted  in  a  more 
pronounced  reduction  of  the  current  and  there 
was  always  a  small,  but  relevant,  portion  of  the 
current  which  was  irreversibly  blocked.  This 
irreversible  effect  might  be  more  relevant  in 
regard  to  the  neurotoxicity  of  Pb. 

The  metals  Pb,  Al,  Hg,  MeHg  and  Zn  reduce 
the  currents  through  VACCCs,  but  their  actions 
differed  with  respect  to  time  course,  affected 
calcium  channel  subtypes,  use  dependence,  effec¬ 
tive  concentration  range,  pH  dependence,  and 
screening  effects  at  the  surface  of  the  membrane 
(seen  in  a  shift  of  the  current  voltage  relations). 

How  could  this  variety  of  actions  on  VACCCs 
be  explained?  Why  do  all  metal  cations  not  act  in 
the  same,  or  at  least  in  a  similar  way?  For  the 
explanation  the  following  possible  mechanisms 
have  to  be  considered  (Fig.  1):  (1)  chemical 
peculiarities  of  the  various  metal  species;  (2) 
unspecific  effects  at  the  membrane  (screening  of 
surface  charges);  (3)  specific  effects:  (a)  at  the 
membrane,  (b)  at  the  entrance  to  the  channel,  (c) 
within  the  channel;  (4)  intracellular  changes 
(interactions  with  second  messengers,  etc.). 

4.1.  Chemical  peculiarities  of  various  metal 
species 

The  active  forms  of  Pb  and  Zn  in  physiological 
solutions  (pH  =  1.2-13  and  a  chloride  concen¬ 
tration  of  about  120  mM)  are  most  likely  Pb2+ 
and  Zn2+.  More  than  or  other  metals  the  form  of 
Al  in  aqueous  solution  depends  on  pH:  the 
amount  of  Al3+  increased  when  the  pH  de¬ 
creased  (down  to  6.7)  and  the  concentration  of 
Al(OH)4”  increased  when  the  pH  decreased. 


Actions  of  Metals  on  VACCCs 


metals  in  physiological  solution; 


Fig.  1.  Possible  interactions  of  metals  on  voltage-activated 
calcium  channel  currents.  For  details  see  text. 


Assuming,  that  Al3+  is  the  active  form  in  reduc¬ 
ing  VACCCs,  the  pH  dependence  of  the  effect  is 
easily  explained.  HG  and  MeHg  probably  exist 
in  physiological  solutions  as  uncharged  complex¬ 
es  (HgCl2  or  CH3HgCl),  which  might  pass 
through  the  neuronal  membrane  [21].  But  we  do 
not  know  how  these  compounds  react  with  the 
surface  charge  of  the  cell  membrane.  There  they 
might  very  well  exist  as  singly  or  doubly  charged 
cations. 

4.2.  Unspecific  effects  at  the  cell  membrane 

Except  for  Pb,  the  metals  tested  shifted  the 
maximum  of  the  current-voltage  relation  for  the 
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VACCCs  concentration  dependently  to  more 
depolarized  voltages,  the  degree  of  shift  depend¬ 
ing  on  concentrations.  Such  a  shift  is  typical  of  a 
charge  screening  effect.  But  since  all  concen¬ 
trations  used  in  our  studies  were  in  the  micromo¬ 
lar  range  (even  A1  was  never  used  in  concen¬ 
trations  over  300  /zM),  a  general  screening  of  the 
surface  charges  at  the  cell  membrane  seems 
unlikely.  Furthermore,  a  charge  screening  effect 
should  change  the  currents  through  all  channels 
in  a  similar  fashion. 

4.3.  Specific  effects 

4.3.1.  At  the  cell  membrane 

The  shift  of  the  current-voltage  relation  might 
be  explained  by  specific  binding  sites  at  the 
surface  of  the  membrane.  But  this  is  also  improb¬ 
able  because  this  explanation  suggests  different 
specific  binding  sites  for  the  different  metals  - 
otherwise  the  additive  effects  could  not  be  ex¬ 
plained  -  and  the  effect  should  be  similar  for  all 
types  and  subtypes  of  voltage-activated  channels 
(like  a  general  charge  screening  effect),  which  is 
clearly  not  true. 

4.3.2.  At  the  entrance  to  the  channel 

Assuming  that  metal  cations  screen  specific 

charges  at  the  entrance  of  the  channel,  a  specific 
metal  binding  site  at  this  location  could  explain 
both  the  shift  of  the  current  voltage  relation  and 
the  low  concentrations  needed.  But  such  an 
explanation  is  only  valid  for  such  metal  cations  as 
Pb  or  Zn  which  do  not  need  an  open  channel 
state  for  their  action.  The  hypothesis  that  the 
binding  site  of  these  2  cations  might  be  at  the 
entrance  of  the  channel  is  underlined  by  another 
fact:  compared  to  the  other  metals  tested,  the 
effects  of  these  2  cations  were  -  at  least  partially 
-  reversible. 

4.3.3.  Within  the  channel 

For  actions  within  the  channel  the  metals  must 
enter  the  channel.  A  binding  site  within  the 
channel  might  be  the  main  location  of  action  of 
Al:  A1  needs  an  open  channel  to  reduce  VACCCs 
and  its  effects  were  not  reversible.  These  facts 
indicate  a  strong  binding  site  within  the  channel, 
which  is  not  easily  accessible.  However,  Al  also 


produces  a  concentration-dependent  shift  of  the 
current  voltage-relation  to  more  depolarized 
voltages,  which  indicates  an  additional  screening 
of  membrane  charges  due  to  binding  at  un¬ 
specific  or  specific  sites.  Binding  of  Hg  and 
MeHg  within  the  channel  is  also  conceivable, 
because  at  least  a  part  of  the  effects  of  these  2 
compounds  on  VACCCs  needed  an  open  channel 
and  the  effects  were  not  reversible. 

4.4.  Intracellular  changes 

Although  we  have  no  direct  evidence  for  such 
mechanisms,  we  cannot  exclude  the  possibility 
that  some  of  the  metals  tested  had  internal 
actions  which  might  have  changed  the  currents 
through  NACs  or  VACCs.  Externally  applied  Pb 
reduces  the  rise  of  the  internal  calcium  con¬ 
centration  without  passing  through  the  cell  mem¬ 
brane  [22].  In  the  case  of  Al  we  have  a  different 
reason  for  believing  that  it  does  not  pass  through 
the  cell  membrane;  the  additional  reduction  of 
the  current  when  Al  was  applied  intracellulary 
suggests  not  only  a  second  effect,  which  is  trig¬ 
gered  intracellulary,  but  also  demonstrates  that 
there  was  probably  no  metal  within  the  cell 
before  it  was  added  intracellularly. 

Hg  and  MeHg  are  uncharged  compounds  in 
physiological  solutions  which  are  able  to  pass 
through  the  cell  membrane  and  raise  the  internal 
calcium  concentration  [23],  however,  the  time 
scale  of  such  action  is  not  known.  Nevertheless, 
the  first  site  of  action  of  acutely  applied  Hg 
compounds  is  the  surface  of  the  cell  membrane. 
We  do  not  know  to  what  extent  the  membrane 
currents  we  have  seen  at  higher  concentrations  of 
Hg  are  related  to  intracellular  effects. 

The  current  through  the  NMDA  receptor 
channel  complex  is  reduced  by  Pb  and  Al.  Pb, 
Hg,  MeHg,  Al  and  Zn  reduce  VACCCs.  While 
the  rise  of  intracellular  calcium  is  most  important 
for  learning  and  memory,  a  change  in  the  rise 
time  and/or  amount  of  calcium  in  the  neuron 
might  explain  some  of  the  long-lasting  effects  of 
these  metals.  For  a  specific  metal  ion  we  may  be 
able  to  determine  a  mode  of  action  which  is 
more  likely  than  other  interactions,  but  we  are 
not  able  to  exclude  most  of  the  other  possible 
external  or  internal  mechanisms  discussed  above. 
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Overall,  it  is  likely  that  the  neurotoxicity  of 
metal  ions  is  mediated  by  a  variety  of  different 
mechanisms.  These  different  mechanisms  and  the 
simultaneous  action  of  different  metals  at  the 
same  time  are  the  reason  for  the  complex  neuro¬ 
toxicity  of  metals  on  NACCs  or  VACCCs. 


Acknowledgements 

Due  to  restrictions  of  space  not  all  important 
work  is  cited.  This  paper  basically  reviews  some 
of  our  own  data.  Important  contributions  on  the 
actions  of  metals  on  calcium  channels  have  been 
made  by  other  groups  and  I  apologize  to  all  my 
colleagues  who  are  not  mentioned.  For  critical 
reading  I  thank  Dr.  S.  Cleveland  and  for  techni¬ 
cal  assistance  C.  Wittrock,  T.  Kordela  and  P. 
Schwarz. 


References 

[1]  Mayer,  M.L.  and  Westbrook,  G.L.  (1987)  Permeation 
and  block  of  /V-methyl-asparic  receptor  channels  by 
divalent  cations  in  mouse  cultured  central  neurons.  J. 
Physiol.  Lond.  394,  501-527. 

[2]  Fox,  A.P.,  Nowycky,  M.C.  and  Tsien,  R.W.  (1987) 
Kinetic  and  pharmacological  properties  distinguishing 
three  types  of  calcium  currents  in  chick  sensory  neuro¬ 
nes.  J.  Physiol.  Lond.  394,  149-172. 

[3]  Biisselberg,  D.,  Michael,  D.  and  Platt,  B.  (1994)  Pb_  + 
reduces  voltage-  and  NMDA-activated  calcium  channel 
currents.  Cell.  Mol.  Neurobiol.  14,  711-722. 

[4]  Platt,  B.,  Haas,  H.  and  Biisselberg,  D.  (1994)  Aluminum 
reduces  glutamate-activated  currents  of  rat  hippocampal 
neurons.  NeuroReport  5,  2329-2332. 

[5]  Uteshev,V.,  Biisselberg,  D.  and  Haas,  H.L.  (1993)  Pb“ 1 
modulates  the  NMDA-receptor-channel  complex. 
Naunyn  Schmiedebergs  Arch.  Pharmacol.  347,  209-213. 

[6]  Alkondon,  M.,  Costa.  A.C.S.,  Radhakrishnan,  V.,  Aron- 
stam,  R.S.  and  Albuquerque,  E.X.  (1990)  Selective 
blockade  of  NMDA-activated  channel  currents  may  be 
implicated  in  learning  deficits  caused  by  lead.  FEBS 
Lett.  261,  124-130. 

[7]  Ujihara,  H.  and  Albuquerque,  E.X.  (1992)  Developmen¬ 
tal  change  of  the  inhibition  by  lead  of  NMDA-activated 
currents  in  cultured  hippocampal  neurons.  J.  Pharmacol. 
Exp.  Ther.  263,  868-875. 

[8]  Pekel,  M.,  Platt,  B.  and  Biisselberg,  D.  (1993)  Effects  of 
mercury  (Hg2t)  on  voltage-activated  calcium  channel 
currents  in  Aplysia  and  cultured  rat  neurons.  Brain  Res. 
632,  121-126. 

[9]  Leonhardt,  R.,  Pekel,  M.,  Platt,  B.,  Haas,  H.L.  and 


Biisselberg,  D.  (1995)  Voltage-activated  calcium  channel 
currents  of  rat  DRG  neurons  are  reduced  by  mercuric 
chloride  (HgCL)  and  methylmercury  (CH3HgCl).  Neu¬ 
rotoxicology  (in  press). 

[10]  Biisselberg,  D.,  Pekel.  M.,  Michael,  D.  and  Platt,  B. 
(1994)  Mercury  (Hg21)  and  zinc  (Zn2r):  two  divalent 
cations  with  different  actions  at  voltage-activated  cal¬ 
cium  channel  currents.  Cell.  Mol.  Neurobiol.  14,  675- 
687. 

[11]  Biisselberg,  D„  Platt,  B.,  Haas,  H.L.  and  Carpenter, 
D.O.  (1993)  Voltage  gated  calcium  channel  currents  of 
rat  dorsal  root  ganglion  (DRG)  cells  are  blocked  by 
Al3'.  Brain  Res.  622,  163-168. 

[12]  Platt,  B.,  Haas,  H.  and  Biisselberg,  D.  (1993)  Extracellu¬ 
lar  pH  modulates  aluminum-blockade  of  mammalian 
voltage-activated  calcium  channel  currents.  NeuroRe¬ 
port  4,  1251-1254. 

[13]  Biisselberg,  D.,  Michael,  D.,  Evans,  M.L.,  Carpenter, 
D.O.  and  Haas,  H.L.  (1992)  Zinc  (Zn2i )  blocks  voltage 
gated  calcium  channels  in  cultured  rat  dorsal  root 
ganglion  cells.  Brain  Res.  593,  77-81. 

[14]  Biisselberg,  D.,  Platt,  B.,  Michael,  D.,  Haas,  H.L.  and 
Carpenter,  D.O.  (1994)  Mammalian  voltage-activated 
calcium  channel  currents  are  blocked  by  Pb' \  Zn~  ‘  and 
AF'.  J.  Neurophysiol.  71,  1491-1497. 

[15]  Leonhardt,  R.,  Haas,  H.L.  and  Biisselberg,  D.  (1995) 
Voltage-gated  calcium-,  sodium-,  and  potassium  channel 
currents  of  rat  DRG  neurons  are  reduced  by  methylmer¬ 
cury  (CH3Hg').  Proc.  Gottinger  Neurobiol.  Conf. 
(Abst.). 

[16]  Platt,  B.  and  Biisselberg,  D.  (1994)  Combined  actions  of 
Pb21 ,  Zn2+  and  Al3t  on  voltage-activated  calcium  chan¬ 
nel  currents.  Cell.  Mol.  Neurobiol.  14,  831-840. 

[17]  Platt,  B.  and  Biisselberg,  D.  (1994)  Actions  of  aluminum 
on  voltage-activated  calcium  channel  currents.  Cell.  Mol. 
Neurobiol.  14,  819-829. 

[18]  Hori,  N.,  Biisselberg,  D.,  Matthews,  R.,  Parson,  P.  and 
Carpenter,  D.O.  (1993)  Lead  blocks  LTP  by  an  action 
not  at  NMDA  receptors.  J.  Exp.  Neurol.  119,  192-197. 

[19]  Platt,  B.,  Carpenter,  D.O.,  Biisselberg,  D.,  Reymann, 
K.G.  and  Riedel,  G.  (1995)  Aluminum  blocks  hip¬ 
pocampal  long-term  potentiation  in  rats  in  vitro  and  in 
vivo.  Exp.  Neurol.  134,  73-86. 

[20]  Altmann,  L.,  Sveinsson,  K.  and  Wiegand,  H.  (1991) 
Longterm  potentiation  in  rat  hippocampal  slices  is 
impaired  following  acute  lead  perfusion.  Neurosci.  Lett. 
128,  109-112. 

[21]  Gutknecht,  J.  (1981)  Inorganic  mercury  (Hg2  +  )  trans¬ 
port  through  lipid  bilayer  membranes.  J.  Membr.  Biol. 
61,  61-66. 

[22]  Biisselberg,  D.,  Wunder,  L.,  Domann,  R.  and  Haas,  H.L. 
(1994)  Lead  reduces  calcium  entry  without  passing  the 
cell  membrane  of  mammalian  neurons:  FURA  2  mea¬ 
surements.  Proc.  Neurosci.  Meeting  in  Miami  623,  15. 

[23]  Hare,  M.F.,  McGinnis,  K.M.  and  Atchison,  W.D.  (1993) 
Methylmercury  increases  intracellular  concentrations  of 
Ca  +  +  and  heavy  metals  in  NG108-15  cells.  J.  Pharmacol. 
Exp.  Ther.  266,  1626-1635. 


ELSEVIER  Toxicology  Letters  82/83  (1995)  263-270 


Toxicology 

Letters 


Molecular  mechanism  of  the  lead-induced  inhibition  of  rod 

cGMP  phosphodiesterase 


Donald  A.  Foxa’*,  Devesh  Srivastavab 

a College  of  Optometry  and  Department  of  Biochemical  and  Biophysical  Sciences ,  University  of  Houston,  4901  Calhoun , 

Houston ,  TX  77204-6052 ,  USA 

bThe  Johns  Hopkins  University  School  of  Medicine,  The  Wilmer  Ophthalmological  Institute ,  600  North  Wolfe  Street,  Baltimore , 

MD  21287-9257,  USA 


Abstract 

Retinal  cGMP  hydrolysis  is  inhibited  following  developmental  and  in  vitro  lead  exposure.  To  determine  whether 
Pb2"  directly  inhibits  the  rod-specific  cGMP  phosphodiesterase  (PDE)  and  to  examine  the  kinetic  mechanism  of 
this  inhibition,  purified  bovine  rod  cGMP  PDE  was  assayed  at  varying  [cGMP],  [Mg2  ]  and  [Pb2  ].  Increasing 
[cGMP]  or  [Mg2*]  shifted  the  Pb2*  curves  leftward  or  rightward  revealing  increased  or  decreased  potency  of  Pb2 
(nM  to  pM  range),  respectively.  A  1 /velocity  vs.  1/Mg2*  plot  revealed  that  picomolar  [Pb”  ]  competitively 
inhibited  PDE  relative  to  millimolar  [Mg2*].  These  novel  findings  reveal  that  Pb2*  binds  at  the  Mg^  site  but  with 
4-6  log  units  higher  affinity,  thus  preventing  cGMP  hydrolysis.  These  results  may  have  implications  for  other 
enzymes  using  Mg2*  as  a  co-factor  and  suggest  that  Mg2+  may  be  useful  for  reversing  the  PDE  inhibition  by  Pb”  . 

Keywords:  Lead;  Magnesium;  Retina;  Rod  photoreceptor;  Phototransduction;  cGMP  phosphodiesterase 


1.  Introduction 

In  vivo  and  in  vitro  lead  exposure  produce 
electrophysiological,  biochemical  and  pathologi¬ 
cal  alterations  in  the  scotopic  (rod-mediated), 
but  not  photopic  (cone-mediated),  visual  system 
(see  reviews  [1,2]).  For  example,  long-term  rod- 
mediated  visual  deficits  following  low,  moderate 
or  high  level  developmental  lead  exposure  have 
been  reported  in  monkeys  and  hooded  rats:  peak 
blood  lead  values  of  20,  30-60  and  >60  pt g/dl, 
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respectively.  Electroretinographic  (ERG)  studies 
conducted  on  these  lead-exposed  animals  re¬ 
vealed  long-term  selective  rod-mediated  de¬ 
creases  in  absolute  and  relative  sensitivity,  am¬ 
plitude  and  temporal  resolution  and  increases  in 
latency  and  time  to  dark  adaptation.  Similar 
changes  occur  in  isolated  retinas  following  expo¬ 
sure  to  micromolar  concentrations  of  lead  chlo¬ 
ride  (see  reviews:  [1,2]). 

Retinal  biochemical  studies  have  shown  that 
developmental  lead  exposure  produces  long-term 
concentration-dependent  decreases  in  retinal 
cGMP  hydrolysis  resulting  in  elevated  levels  of 
cGMP  in  both  the  dark-adapted  and  light- 
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adapted  states  [3,4].  The  inhibition  of  retinal 
cGMP  hydrolysis  was  also  produced  by  in  vitro 
exposure  to  submicromolar  concentrations  of 
Pb"  ([3],  this  paper).  Presumably,  these  de¬ 
creases  in  cGMP  hydrolysis  reflect  a  decrease  in 
rod  cGMP  phosphodiesterase  (PDE)  activity. 

This  report  will  present:  (1)  biochemical  data 
on  the  in  vitro  effects  of  Pb2~  on  retinal  cGMP 
hydrolysis;  (2)  biochemical  data  describing  the 
molecular  mechanism  of  inhibition  of  Pb2"  on 
rod  cGMP  PDE;  and  (3)  a  kinetic  model  for 
understanding  the  cGMP  results.  A  detailed 
discussion  of  the  relationship  between  the  ERG 
results  and  alterations  in  cGMP  metabolism  was 
presented  previously  [5]. 


2.  Materials  and  methods 

2.1.  Experimental  animals  and  treatment 

All  experimental  and  animal  care  procedures 
were  in  compliance  with  the  NIH  Guide  for  the 
Care  and  Use  of  Laboratory  Animals  (NIH 
Publication  No.  85-23,  1985).  Animal  care  and 
maintenance  and  the  lead  exposure  protocol  for 
Long-Evans  hooded  rats  were  described  previ¬ 
ously  [3,4].  Dark-adapted,  frozen  bovine  retinas 
were  from  Hormel  (Hormel,  MN). 

2.2.  Materials 

The  chemicals  and  materials  utilized,  sources 
as  well  as  their  preparation  have  been  described 
previously  [3,6,7]. 

2.3.  Cyclic  nucleotide  metabolism  studies 

Retinal  [cGMP]  and  cGMP  PDE  specific  ac¬ 
tivity  were  assayed  in  whole  retinas  obtained 
from  control  and  lead-exposed  rats  or  in  control 
rat  retinas  following  the  addition  of  10"g-5  X 
10  4  M  free  Pb"  +  ([3],  unpublished  data).  The 
specific  activity  of  purified,  trypsin-activated 
cGMP  PDE,  isolated  from  frozen  dark-adapted 
bovine  rod  outer  segments,  was  assayed  follow¬ 


ing  the  addition  of  5  X  10  1 '-10  7  M  free  Pb2t 
[6].  All  assays  were  conducted  in  triplicate. 

2.4.  Cyclic  GMP \  Mg~  and  Pb  concentrations 

PDE  assays  were  conducted  using  measured 
total  [cGMP]  and  computed  and/or  measured 
free  [Mg"  ]  and  [Pb" '  ]  that  encompassed  the 
physiological  and  pathophysiological  range  to 
which  rods  might  be  exposed  in  vivo  as  discussed 
previously  [7,8]. 

2.5.  Statistical  and  graphical  analysis 

All  group  data  were  analysed  using  the  appro¬ 
priate  analysis  of  variance  (ANOVA)  and  post 
hoc  multiple  comparisons  using  Tukey’s  Honest¬ 
ly  Significant  Difference  test  according  to  the 
procedures  provided  by  the  SAS  statistical  pack¬ 
age  (SAS  Institute  Inc.;  Cary,  NC).  For  all  data, 
the  difference  from  controls  was  regarded  as 
significant  if  P  <  0.05.  Graphical  analysis  utilizing 
double  reciprocal  plots  were  performed  to  de¬ 
termine  various  kinetic  constants  [9].  The  half- 
maximal  inhibitory  concentrations  (IC5H)  of  Pb2+ 
was  determined  using  non-linear  least  squares 
analysis.  Because  double  reciprocal  plots  deviate 
from  linearity  at  extremes,  only  data  lying  be¬ 
tween  10  and  90%  maximum  enzyme  activity 
were  used  to  determine  apparent  K0  5  values. 

3.  Results 

3.1.  Whole  retinal  cyclic  nucleotide  metabolism 
studies 

Prior  exposure  to  lead  during  development 
resulted  in  significant  dose-dependent  increases 
in  the  retinal  [cGMP]  in  both  light-  and  dark- 
adapted  rats  [3,4].  In  the  0.02%  group,  cGMP 
levels  increased  12-19%  whereas  in  the  0.2% 
group  they  increased  24-39% .  The  lead-induced 
increases  in  retinal  [cGMP]  resulted  from  an 
inhibition  of  cGMP  hydrolysis  (0.02%:  -15%; 
0.2%:  -39%)  since  guanylate  cyclase  activity 
was  unchanged. 

In  vitro  studies  examined  whether  the  effects 
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of  lead  on  cGMP  PDE  were  direct  ([3],  this 
paper).  cGMP  hydrolysis  was  measured  in 
homogenates  of  adult  control  retinas  incubated 
with  10  /iM  cGMP,  1.5  mM  Mg2+  and  various 
[Pb2+].  As  illustrated  in  Fig.  1,  the  cGMP  hy¬ 
drolysis  was  inhibited  significantly  at  [Pb2+]s* 
100  nM  (-10%  at  100  nM  to  -53%  at  500  /iM 
free  Pb2+).  The  IC5{,  value  of  Pb2+  was  1.1  ±0.1 
MM. 


3.2.  Interactions  of  cGMP,  Mg2+  and  Pb2+  with 
rod  cGMP  PDE 

To  determine  if  Pb2+  directly  inhibited  the  rod 
cGMP  PDE,  initial  studies  were  conducted  using 


Fig.  1.  In  vitro  exposure  to  picomolar  to  micromolar  con¬ 
centrations  of  free  Pb2 '  inhibits  cGMP  hydrolysis  using  adult 
control  rat  retinas  and  isolated,  purified  bovine  rod  cGMP 
PDE.  All  data  have  been  normalized  and  are  presented  as 
percent  inhibition  relative  to  control  (no  Pb2 1 ).  Each  adult 
control  whole  rat  retina  was  incubated  with  10  /^M  cGMP,  1.5 
mM  Mg2‘  and  the  indicated  concentration  of  Pb2H  for  5  min 
as  described  in  the  Materials  and  methods  section.  Control 
activity  was  11.0  ±1.5  nmol  cGMP  hydrolyzed  (min)”1  (mg 
protein)”1.  Rod  photoreceptor  cGMP  PDE  (50  pM)  was 
assayed  using  5  yu,M  cGMP,  500  /itM  Mg2  r  and  the  indicated 
concentration  of  Pb2  for  5  min  as  described  in  the  Materials 
and  methods  section.  Control  activity  was  21.09  yumol  cGMP 
hydrolyzed  (min)”1  (mg  protein)”1.  In  either  preparation, 
Pb^  alone  did  not  promote  the  hydrolysis  of  cGMP.  Values 
represent  the  mean  ±  S.E.M.  of  3-6  determinations  for  each 
data  point.  Curves  were  fit  using  non-linear  least  squares 
hyperbolas.  The  ICS()  values  of  Pb2  ‘  for  the  whole  retinal  and 
rod  cGMP  PDE  were  1.1  ±0.1  yttM  and  7.86±1.09  nM, 
respectively.  Mean  values  in  the  Pb2 1  groups  marked  by  an 
asterisk  (*)  were  significantly  different  from  controls  at  P< 
0.05. 


physiologically  relevant  concentrations  of  Mg2+ 
(500  /xM)  and  cGMP  (5  yu,M).  Under  this  con¬ 
dition,  picomolar  to  nanomolar  [Pb2  ]  signifi¬ 
cantly  inhibited  the  isolated  rod  PDE  with  an 
IC5{)  value  of  7.86  ±  1.09  nM  (Fig.  1;  Table  1). 

To  determine  whether  the  Pb2  + -induced  inhi¬ 
bition  of  PDE  was  affected  by  the  [cGMP], 
assays  were  conducted  using  1  yuM  to  1  mM 
cGMP,  10  yuM  to  10  mM  Mg2+,  50  pM  to  100  nM 
Pb2+  and  rod  cGMP  PDE.  As  cGMP  increased 
from  1  yuM  to  1  mM,  the  Pb2+  concentration- 
response  curves  shifted  to  the  left  (Fig.  2A). 
Statistically  significant  inhibition  of  PDE  activity 
was  detected  at  lower  [Pb2+]  (50  vs.  250  pM) 
when  PDE  was  assayed  in  the  presence  of  higher 
[cGMP]  (1  mM  vs.  1  or  5  yuM).  The  IC50  values 
of  Pb2+,  at  each  [Mg2+],  decreased  (71-94%)  as 
the  [cGMP]  was  increased  (Table  1).  Moreover, 
for  the  same  [Pb2+]  the  extent  of  inhibition  was 
significantly  greater  in  the  presence  of  higher 
[cGMP].  Even  at  the  lowest  [cGMP],  PDE  activi¬ 
ty  was  inhibited  —100%  by  increasing  the  [Pb2+]. 
Thus,  and  important  from  a  pathophysiological 
standpoint,  as  the  [Pb2+]  and  [cGMP]  increase  in 
retinas  of  rats  exposed  to  lead  during  develop¬ 
ment  [3,4],  the  PDE  inhibition  would  be  ex¬ 
pected  to  increase. 

To  determine  whether  the  Pb2+ -induced  inhi¬ 
bition  of  cGMP  PDE  was  affected  by  the  con¬ 
centration  of  the  co-factor  Mg2+,  assays  were 
conducted  as  a  function  of  [Mg2+].  The  degree  of 
the  Pb2+-induced  inhibition  of  cGMP  PDE  was 
dependent  on  the  [Mg2+]  (Fig.  2B).  As  the 
[Mg"+]  was  increased,  the  concentration-re¬ 
sponse  curves  for  Pb2+  shifted  to  the  right.  This 
is  consistent  with  the  significant  increase  in  IC50 
values  of  Pb2+  (9-55-fold)  by  Mg2+  at  each 
[cGMP]  (Table  1). 


3.3.  Kinetic  analysis  and  mechanism  of  the 
Pb~+  -induced  inhibition  of  rod  cGMP  PDE 

Next,  the  nature  of  the  Pb2  + -induced  inhibi¬ 
tion  of  rod  cGMP  PDE  was  determined.  PDE 
was  assayed  using  5  yuM  cGMP,  the  indicated 
[Mg2+]  and  either  no  Pb2  +  ,  750  pM  Pb2+  or  1 
nM  Pb2+  (Fig.  3).  A  double  reciprocal  plot  of  the 
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Fig.  2.  cGMP  increases  and  Mg2"  decreases  the  percent 
inhibition  of  the  rod  cGMP  PDE  by  Pb2 ' .  (A)  Rod  photo¬ 
receptor  cGMP  PDE  (50  pM)  was  assayed  using  10  yuM 
Mg2 4  at  the  indicated  concentrations  of  cGMP  and  free  Pb2  ’ . 
All  data  have  been  normalized  and  are  presented  as  percent 
inhibition  relative  to  control  (no  Pb2 1 ).  Control  activity  with: 
1  mM  cGMP  was  26.69,  5  yuM  cGMP  was  9.46,  and  1  yu,M 
cGMP  was  1.82  ^umol  cGMP  hydrolyzed  (min)  1  (mg 
protein)-1.  Each  data  point  represents  the  mean  ±  S.E.M.  for 
3-5  separate  experiments.  Curves  were  fit  using  non-linear 
least  squares  hyperbolas.  The  IC5n  values  of  Pb2  r  are  pre¬ 
sented  in  Table  1.  (B)  Rod  photoreceptor  cGMP  PDE  (50 
pM)  was  assayed  using  5  yuM  cGMP  at  the  indicated 
concentrations  of  free  Mg2"  and  Pb2  .  All  data  have  been 
normalized  and  are  presented  as  percent  inhibition  relative  to 
control  (no  Pb2  ).  Control  activity  with:  10  mM  Mg21  was 
23.66,  500  yuM  Mg2"  was  21.09,  and  10  /xM  Mg21  was  9.46 
/xmoles  cGMP  hydrolyzed  (min)-1  (mg  protein)-1.  Lead 
alone  did  not  promote  the  hydrolysis  of  cGMP.  Each  data 
point  represents  the  mean  ±  SEM  for  3-5  separate  experi¬ 
ments.  Curves  were  fit  using  non-linear  least  squares  hy¬ 
perbolas.  The  IC5{)  values  of  Pb2"  are  presented  in  Table  1. 
Figs.  2A  and  B  are  reprinted  by  permission  of  the  publisher 
from  Srivastava  et  al.  [7]. 


data  revealed  that  the  apparent  K()  5  of  Mg-  + 
increased  2-3-fold  in  the  presence  of  increasing 
[Pb24]  (from  16  to  55  yuM  Mg2")  while  the 
apparent  V'max  was  unchanged.  This  result  dem¬ 
onstrated  that  Pb2+  is  a  competitive  inhibitor  of 
the  rod  cGMP  PDE  relative  to  Mg2". 

Previously,  the  kinetics  of  cGMP  hydrolysis  by 
the  rod  cGMP  PDE  was  analysed  [6].  Briefly, 
cGMP  and  Mg2  +  bind  to  the  PDE  in  a  rapid 
equilibrium  random  order  reaction  and  ultimate¬ 
ly  form  a  ternary  complex  with  the  PDE.  This 
ternary  complex  then  produces  the  product, 
5'GMP.  Using  this  data  and  model,  in  conjunc¬ 
tion  with  additional  experiments  performed  with 
various  concentrations  of  cGMP,  Mg2",  Pb"  and 
IBMX  (a  competitive  inhibitor  of  PDE  relative 
to  cGMP),  a  detailed  kinetic  analysis  of  the 
effects  of  Pb2+  was  performed.  These  experi¬ 
ments  allowed  the  generation  of  secondary  and 
tertiary  double  reciprocal  plots  from  which  bind¬ 
ing  constants  for  each  step  of  the  reaction  were 
derived  [9],  These  plots  also  resulted  in  the 
derivation  of  binding  constants  for  the  steps 
involved  with  the  Pb2  + -induced  inhibition  of  the 
rod  PDE  [6,7].  In  Fig.  4,  the  proposed  mecha¬ 
nism  of  the  Pb2  + -induced  inhibition  of  cGMP  is 
presented.  Lead  directly  inhibited  the  PDE  by 
competing  with  Mg-+  for  the  metal  site  and  this 
inhibition  was  dependent  on  the  [cGMP].  There¬ 
fore,  Pb2"  may  substitute  for  Mg2~  and  ultimate¬ 
ly  form  a  ternary  complex  with  cGMP  and  the 
PDE.  This  ternary  complex  will  not  result  in  the 
formation  of  the  product,  5'GMP,  since  Pb2",  in 
the  absence  of  Mg2+,  did  not  promote  hydrolysis 
of  cGMP.  Consistent  with  the  nature  of  competi¬ 
tive  inhibitors,  the  addition  of  Mg2+  completely 
reversed  the  Pb2+ -induced  inhibition  of  PDE  as 
evidenced  by  the  return  of  the  rate  of  cGMP 
hydrolysis  to  the  control  rate  (data  not  shown; 
see  [7]). 


4.  Discussion 

Retinal  cGMP  hydrolysis  was  inhibited  in  rats 
exposed  to  low  to  moderate  levels  of  lead  during 
development  and  in  retinas  acutely  exposed  to 
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Table  1 

Half-maximal  inhibitory  concentrations  (IC50)  of  Pb 

10  fiM  Mg2+ 

1  yuM  cGMP  2.13  ±  0.17 

5/laMcGMP  0.80  ±0.07 

1  mM  cGMP  0.45  ±  0.07 


(nM)  for  the  rod  cGMP  PDEa:  effects  of  cGMP  and  Mg 

500  fjiU  Mg2+  10  mM  Mg2+ 

12.23  ±  2.55  67.0  ±  14.0 

7.86  ±  1.09  44.0  ±4.5 

0.80  ±  0.05  3.86  ±  0.44 


a  The  IC50  values  of  Pb2+  represent  the  mean  ±S.E.M.  of  triplicate  samples  from  3-5  separate  experiments.  Values  are  reprinted 
by  permission  of  the  publisher  from  Srivastava  et  al.  [7]. 

b  At  each  concentration  of  cGMP,  the  mean  IC50  values  of  Pb2  h  at  each  concentration  of  Mg  +  were  significantly  different  from 


each  other  at  P<0.05. 

0  At  each  concentration  of  Mg2" ,  the  mean  IC5„  values  of  Pb2+  at  each  concentration  of  cGMP  were  significantly  different  from 


each  other  at  P  <  0.05. 


Fig.  3.  Lead  is  a  competitive  inhibitor  of  the  rod  cGMP  PDE  relative  to  Mg2+.  The  results  from  assays  using  50  PM  of  rod 
photoreceptor  cGMP  PDE,  5  /jlM  cGMP,  and  no  Pb2+,  750  pM  or  1  nM  Pb2+  have  been  re-plotted  as  100/ velocity  vs.  1/Mg  . 
Velocity  is  presented  as  yumol  cGMP  hydrolyzed  (min)-1  (mg  protein)  \  Under  these  conditions,  the  PDE  in^the  absence  of 
added  Pb2+  had  an  apparent  K0  5  of  16  yuM  Mg2+  that  increased  to  33  and  55  /tM  Mg2+  with  750  pM  and  1  nM  Pb  ,  respectively. 


submicromolar  concentrations  of  Pb2+  in  vitro 
([3,4],  this  paper).  In  addition,  the  findings  pre¬ 
sented  herein  reveal  that  picomolar  to  nanomo¬ 
lar  [Pb2^]  directly  inhibit  isolated,  purified 
trypsin-activated  rod  cGMP  PDE  [7].  These 
results  are  consistent  with  earlier  ERG  and 
biochemical  studies  and  extend  these  investiga¬ 
tions  by  identifying  a  molecular  site  and  mecha¬ 
nism  of  action  of  Pb2+.  Moreover,  these  latter 
results  occurred  at  [Pb2+]  that  are  probably 
present  in  the  rods  of  lead-exposed  animals 
during  developmental  or  following  in  vitro  Pb  + 
exposure. 

The  relative  difference  between  the  Pb2+ -in¬ 
duced  inhibition  observed  in  the  whole  retina 


compared  to  the  isolated  rod  PDE  preparation 
presented  in  Fig.  1  may  reflect  the  decreased 
concentration  of  available  Pb2+  due  to  significant 
non-specific  binding  of  Pb2+  [10],  the  accessibili¬ 
ty  of  sufficient  amount  of  Pb"  to  the  PDE  and 
thus  the  free  [Pb2+]  in  the  rod,  and/or  the 
[Mg2+]  (1.5  mM  vs.  500  yuM)  used  in  the  differ¬ 
ent  experiments  (retinal  vs.  isolated  PDE).  Inter¬ 
estingly,  in  a  separate  experiment,  when  the  free 
[Mg2+]  was  increased  from  500  /xM  to  1.5  mM 
Mg2'  the  PDE  inhibition  decreased  from  98  to 
—50%  (data  not  shown;  however,  compare  500 
/tM  and  10  mm  Mg2+  data  in  Fig.  2B)  resulting 
in  the  same  degree  of  inhibition  observed  in  the 
whole  retinal  experiment.  Alternatively,  the  dif- 
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Fig.  4.  Proposed  mechanism  of  the  Pb2  1  -induced  inhibition  of  cGMP  hydrolysis.  The  hydrolysis  of  cGMP  by  the  rod  cGMP  PDE 
may  be  modeled  with  a  random  binding  order  of  Mg"  and  cGMP  to  the  PDE  [6],  Based  on  the  results  from  Fig.  3,  Pb2 1  may 
substitute  for  Mg"  and  ultimately  form  a  ternary  complex  with  cGMP  and  the  rod  PDE.  This  ternary  complex  will  not  produce 
the  product,  5'GMP.  Fig.  4  is  reprinted  by  permission  of  the  publisher  from  Srivastava  et  al.  [7J. 


ferences  could  have  been  due  to  the  presence  of 
the  inhibitory  PDE  subunits  in  the  whole  retinal 
experiments  [11]  relative  to  the  trypsin-activated 
PDE.  This  seems  unlikely,  however,  since  his¬ 
tone-activated  PDE  exhibited  the  same  degree  of 
Pb2  + -inhibition  as  trypsin-activated  PDE  (Srivas¬ 
tava,  Hurwitz  and  Fox:  unpublished  data). 

Since  the  potency  of  Pb2'  was  affected  by  each 
co-reactant,  Pb  +  must  exert  its  effect  within  the 
catalytic  pocket.  The  nature  of  the  inhibition  was 
confirmed  by  analysing  the  data  with  a  double 
reciprocal  plot  which  demonstrated  that  Pb2+ 
was  in  direct  competition  with  Mg2+ -dependent 
activation  of  the  PDE.  This  finding  is  intriguing 
since  the  hydrated  ionic  radius  of  Pb2+  is  almost 
twice  that  of  Mg2+  [12].  Although  the  exact 
molecular  site  of  action  responsible  for  the 
competitive  inhibition  is  unknown,  one  of  the 


following  proposed  mechanisms  might  explain 
this  result.  First,  Pb2+  may  bind  at  the  same  site 
as  Mg2',  but  with  higher  affinity.  Second,  the 
binding  site  may  be  distinct  from,  yet  sufficiently 
proximal  to,  the  Mg24  site  to  competitively 
inhibit  Mg2+  from  binding  to  the  PDE  [13]. 
Third,  the  binding  of  cGMP  at  the  catalytic  site 
may  reduce  the  constraint  surrounding  the  metal 
binding  site  on  the  PDE  such  that  Pb2  +  ,  but  not 
Mg2  +  ,  was  better  able  to  bind  to  the  enzyme. 
This  latter  suggestion  seems  unlikely,  however, 
since  the  binding  order  of  divalent  cations  and 
cGMP  to  the  PDE  is  random  [6]. 

The  inhibition  of  the  PDE  by  Pb2"  was  also 
sensitive  to  the  [cGMP]  since  increasing  con¬ 
centrations  of  cGMP  shifted  the  entire  Pb2+ 
concentration-response  curve  to  the  left.  That  is, 
cGMP  increased  the  potency  of  Pb2".  This  is 
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consistent  with  the  higher  affinity  of  Pb2+  for  the 
PDE-cGMP  complex  when  compared  to  the 
affinity  of  Pb2+  for  the  free  enzyme  (Fig.  4). 

The  IC50  values  of  Pb2+  ranged  from  0.45  to 
67  nM  depending  on  the  concentrations  of  Mg2+ 
and  cGMP.  Under  physiologically  relevant  con¬ 
ditions,  1  nM  Pb2+  significantly  inhibited  the  rod 
PDE  and  the  IC50  values  of  Pb2+  ranged  from  7 
to  12  nM.  Under  pathophysiological  conditions, 
such  as  those  encountered  in  lead-exposed  rats 
with  elevated  levels  of  retinal  cGMP  [3,4]  and 
possible  lead-induced  decrease  in  intracellular 
[Mg2+],  as  observed  in  other  tissues  [14,15],  the 
IC50  may  be  as  low  as  800  pM  Pb2  +  .  Thus,  it  is 
possible  that  a  decrease  in  [Mg2+]  and  an  in¬ 
crease  in  [cGMP]  may  occur  simultaneously 
during  in  vivo  lead  exposure  and  thereby  contrib¬ 
ute  to  a  significantly  enhanced  inhibition  of  PDE 
activity.  These  concentrations  of  free  Pb2+  ap¬ 
pear  consistent  with  our  animal  model  of  low 
level  lead  exposure  since  ^5  nM  free  Pb2+  would 
be  found  at  a  blood  lead  concentration  of  10 
/xg/dl  [16],  which  is  considered  toxic  in  children 
[17].  In  our  animal  model,  low  level  developmen¬ 
tal  lead  exposure  resulted  in  a  peak  blood  lead  of 
19  /xg/dl  [4].  This  suggests  that  an  IC50  of  7-12 
nM  Pb2+  is  consistent  with  the  in  vivo  data. 

The  proposed  reaction  mechanism  may  apply 
to  PDEs  in  general  since  the  putative  catalytic 
domain,  where  Pb2+  appears  to  exert  its  effect,  is 
highly  conserved  among  the  entire  family  of 
PDEs  [18].  One  such  PDE  is  the  brain  type  IV 
cAMP  PDE.  The  mutant  ‘dunce’  gene  in  Dro¬ 
sophila ,  which  codes  for  this  brain  cAMP  PDE,  is 
associated  with  defective  memory  and  learning 
[19].  If  this  brain  type  IV  cAMP  PDE  performs  a 
similar  function  in  vertebrates,  then  a  direct 
inhibition  of  the  brain  type  IV  PDE  by  Pb  +  at 
the  Mg2+  site  may  contribute  to  the  long-term 
central  nervous  system  deficits  produced  by  lead 
exposure  during  neonatal  development  [20]. 
Thus,  Mg2+,  which  mediates  the  Pb2+-induced 
inhibition  of  PDE,  may  be  useful  in  reversing  the 
inhibition  produced  by  Pb2+. 

The  findings  of  this  study  provide  a  novel 
mechanism  for  understanding  the  Pb2+ -induced 
inhibition  of  cGMP  PDE.  The  results  suggest 
that  the  direct  inhibition  of  the  rod  PDE  by  Pb" 


may,  in  part,  account  for  the  observed  electro- 
physiological  alterations  associated  with  in  vitro 
and  in  vivo  lead  exposure  (see  reviews:  [1,2]). 
Furthermore,  the  lead-induced  inhibition  of  PDE 
and  resultant  elevation  of  cGMP  may  partially 
contribute  to  the  apoptotic  rod  and  bipolar  cell 
death  observed  in  neonatal  rats  during  the  lead 
exposure  period  [1,21,22]. 
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Abstract 

The  expression  of  neuroplastic  neural  cell  adhesion  molecule  (NCAM)  polysialylated  neurons  in  the  dentate  of 
juvenile  (postnatal  day  40)  and  adult  (postnatal  day  80)  rats  exposed  to  low-level  lead  during  the  early  postnatal 
period  has  been  investigated.  At  both  ages,  the  number  of  polysialylated  neurons  was  decreased  significantly  in 
lead-exposed  animals  when  expressed  per  unit  area  but  not  total  dentate  area.  This  could  be  attributed  to  an 
increase  in  the  number  and  intercellular  spacing  of  granule  cells  in  the  dentate  of  the  lead-exposed  animals.  These 
effects  are  related  to  NCAM  polysialylation  dysfunction  perturbing  early  hippocampal  neurogenesis. 

Keywords:  Polysialylation;  Learning;  Dentate;  Proliferation 


1.  Introduction 

The  mechanisms  which  regulate  neural  de¬ 
velopment  are  dependent,  in  part,  on  time-  and 
tissue-modulations  of  cell-cell  and  cell-substrate 
recognition  systems  which  operate  by  homo-  or 
heterophilic  interactions  [1].  Based  on  structural 
and  functional  considerations,  they  may  be 
grouped  into  3  major  families  -  the  inte grins, 
cadherins  and  the  immunoglobulin  (Ig)  super¬ 
family.  The  neural  cell  adhesion  molecule 
(NCAM)  is  the  best  characterised  member  of  the 
Ig  superfamily.  The  expression  of  NCAM  is 
regulated  dramatically  during  development  with 
respect  to  isoform  expression  and  post-transla- 
tional  modification  of  the  polypeptide  core.  The 
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dominant  neural  NCAM  forms  are  obtained  by 
the  alternate  splicing  of  a  single  gene  and  com¬ 
prise  3  polypeptides  of  180,  140  and  120  kDa. 
NCAM  glycosylation  state  is  unique  and  involves 
post-translational  additions  of  o:2,8-linked  poly- 
sialic  acid  (PSA)  homopolymers  which  can  ex¬ 
ceed  55  sugar  units  in  length.  Recent  evidence 
suggests  that  modulation  of  NCAM  prevalence 
and  polysialylation  continues  in  defined  brain 
regions  in  the  adult  which  retain  neuroplastic 
potential  such  as  the  hippocampus,  hypo¬ 
thalamic-neurohypophysial  axis  and  olfactory 
bulb  [2], 

The  molecular  mechanisms  by  which  NCAM 
regulates  neural  structuring  remain  to  be  estab¬ 
lished.  Antibody  interventives  studies  have  sug¬ 
gested  NCAM  prevalence  and  polysialylation  to 
be  critical  in  neuritogenesis,  neurite  pathfinding 
and,  later,  in  memory  formation  [3-5].  Poly- 
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sialylation  may  be  the  critical  functional  feature 
for  NC AM-mediated  neural  plasticity.  Failure  to 
down-regulate  NCAM  polysialylation  in  the 
period  of  final  postnatal  synaptic  elaboration 
results  in  gross  structural  deficits  as  is  observed 
in  the  cerebellum  of  the  staggerer  ( sg/sg )  mouse 
mutant  [6].  Furthermore,  mice  homozygous  for 
disrupted  NCAM  gene  function  do  not  have 
profound  deficits  in  their  overall  development 
but  exhibit  learning  deficits  which  may  arise  from 
memory-associated  polysialylation  deficits  [7]. 
With  increasing  age  NCAM  polysialylation  state 
declines  dramatically  until  virtually  none  is  de¬ 
tectable  in  the  aged-brain  when  neuroplasticity  is 
attenuated  significantly  [8]. 

Animal  studies  have  demonstrated  lead-in¬ 
duced  neurobehavioural  deficits  to  arise  from 
perinatal  exposure  to  threshold  levels  of  20  /xg/ 
dl  blood  (for  review  see  [9]).  At  these  con¬ 
centrations  of  blood  lead  no  marked  abnormality 
in  the  neural  structuring  of  areas  such  as  the 
cerebellum,  which  is  formed  entirely  during  the 
early  postnatal  period,  have  been  observed  [10]. 
However,  adult  animals  exposed  to  low-level 
lead  from  time  of  conception  or  birth  to  postnat¬ 
al  day  30  exhibit  pronounced  recall  deficits 
following  passive  avoidance  training  [11]  sug¬ 
gesting  that  the  persisting  cognitive  and  behav¬ 
ioural  deficits  must  arise  from  a  subtle  dysfunc¬ 
tion  in  the  production  and/or  selection  of 
synapses  which  are  expressed  transiently  during 
early  neural  development. 

Previously,  we  have  demonstrated  chronic  low- 
level  lead  exposure  to  impair  the  expected  de¬ 
crease  in  NCAM  polysialylation  state  in  the 
period  when  final  synapse  formation  is  com¬ 
pleted,  an  effect  consistent  with  persisting  abnor¬ 
malities  in  connectivity  pattern  [12].  Given 
NCAM  polysialylation  state  persists  in  the  adult 
hippocampus  and  is  integral  to  the  neuroplastic 
events  which  underlie  memory  formation  [2,4]  it 
provides  a  basis  to  explore  subtle  persisting 
effects  of  perinatal  lead  exposure.  The  poly- 
sialylated  neuronal  structures  comprise  a  distinct 
population  of  cells  which  reside  at  the  border  of 
the  granule  cell  layer  and  hilar  region  [8].  During 
periods  of  consolidation  following  passive  avoi¬ 
dance  training  the  number  of  polysialylated  neu¬ 


rons  increase  in  a  task-specific  manner.  This 
learning-induced  increase  in  NCAM  polysialyla¬ 
tion  state  is  believed  to  be  required  for  the 
memory  consolidation  process  of  synapse  forma¬ 
tion  and  change  in  connectivity  pattern  [13], 
widely  believed  to  underlie  the  memory  process 
[14],  Thus  persisting  deficits  in  this  polysialylated 
neuronal  population  may  account  for  the  mem¬ 
ory  consolidation  deficits  noted  in  adult  animals 
exposed  to  chronic  low-level  lead  during  their 
early  perinatal  period. 

2.  Materials  and  methods 

2.1.  Lead  exposure  protocol 

To  explore  the  relationship  between  early  low- 
level  lead  exposure  and  attenuated  adult  neuro¬ 
plastic  potential,  we  exposed  Wistar  rat  pups, 
culled  to  8  at  birth,  to  400  mg  PbCF/1  via  their 
dams’  drinking  water  from  conception  until  post¬ 
natal  day  30.  This  exposure  protocol  results  in 
pup  blood  lead  levels  which  range  from  45  /xg/dl 
on  postnatal  day  4  to  15  /xg/dl  on  postnatal  day 
12  and,  thereafter,  increase  to  40  /xg/dl  on 
postnatal  day  20  [10,12].  At  postnatal  day  30  the 
lead  was  removed  from  the  drinking  water  and 
the  animals  were  allowed  attain  adulthood  at 
which  time  blood  lead  levels  ranged  from  2-4 
/xg/dl.  Adult  dietary  intake  and  body  weights 
were  similar  in  both  the  control  and  lead-ex- 
posed  groups  and  no  differences  in  pup  whole 
brain /body  weight  ratio  were  evident  at  time  of 
sacrifice. 

Dissected  whole  brains  were  coated  immedi¬ 
ately  in  an  optimal  cutting  temperature  com¬ 
pound  (Gurr,  UK),  snap-frozen  in  liquid  nitro¬ 
gen-cooled  n  -hexane  and  stored  at  -80°C  until 
required  for  further  processing.  Florizontal  sec¬ 
tions  of  12  /xm  were  cut  from  frozen  tissue  using 
a  MICROM  (Series  500)  cryostat.  Serial  sections 
were  obtained  for  analysis  from  a  point  —5.6  mm 
from  Bregma  [15]  and  thaw-mounted  onto  0.1% 
(w/v)  poly-l-lysine  coated  glass  slides. 

The  sections  were  fixed  in  70%  (v/v)  ethanol 
for  30  min,  washed  twice  for  10  min  in  a  washing 
buffer  of  0.1  M  phosphate-buffered  0.9%  saline 
(PBS),  pH7.4,  and  incubated  overnight  (20  h)  in 
a  humidified  chamber  at  room  temperature  with 


K.J.  Murphy  et  al.  /  Toxicology  Letters  82/83  (1995)  271-276 


273 


anti-PSA  [16]  diluted  1:500  in  an  incubation 
buffer  composed  of  PBS  containing  1%  (w/v) 
bovine  serum  albumen  (Sigma  Chemical  Co., 
UK)  and  1%  (v/v)  normal  goat  serum  (DAKO, 
Denmark)  in  order  to  eliminate  non-specific 
staining.  The  sections  were  washed  again  and 
exposed  for  3  h  to  fluorescein-conjugated  goat 
anti-mouse  IgM  (Calbiochem,  UK)  diluted  1:100 
with  incubation  buffer.  The  sections  received  a 
final  wash  before  being  mounted  in  Citifluor® 
(Agar,  UK),  a  fluorescence-enhancing  medium. 

The  staining  pattern  was  observed  with  a  Leitz 
DM  RB  fluorescence  microscope  using  an  excit¬ 
ing  wavelength  of  495  nm  and  an  emitting 
wavelength  of  525  nm.  Immunofluorescence 
staining  was  specific  as  it  was  eliminated  com¬ 
pletely  by  omission  of  either  the  primary  or 
secondary  antibody  and  by  pre-absorbing  anti- 
PSA  with  colominic  acid  (1  mg/ml;  Sigma 
Chemical  Co.,  UK),  which  contains  a2,8  homo¬ 
polymers  of  sialic  acid  (data  not  shown).  Where 
relevant,  sections  were  counter-stained  by  a  brief 
exposure  (60  s)  to  propidium  iodide  (50  ng/ml 
PBS)  which  was  detected  using  an  excitation 
wavelength  of  552  nm  and  an  emission  wave¬ 
length  of  570  nm.  The  total  number  of  PSA- 
immunoreactive  neurons  in  the  dentate  granule 
cell  layer  and  at  the  hilar  border  were  counted  in 
10  alternate  12-yam  sections  commencing  -5.6 
mm  from  Bregma,  to  preclude  double  counting 
of  the  5-10  yam  perikarya.  Cell  counts  were 
divided  by  the  total  area  of  the  granule  cell  layer, 
which  included  all  propidium  iodide-labelled 
cells,  and  multiplied  by  the  average  granule  cell 
layer  area  which  was  0.15  ±  0.01  mm“  at  this 
level,  and  the  mean  ±S.E.M.  calculated.  These 
means  were  used  to  establish  the  mean  ±S.E.M. 
for  each  animal  group.  Area  measurements  of 
propidium  iodide-stained  granule  cell  perikarya 
were  performed  using  a  Quantimet  500  Image 
Analysis  System. 

3.  Results 

Juvenile  postnatal  day  40  rats,  exposed  to 
chronic  low-level  lead  from  time  of  birth  to 
postnatal  day  30,  exhibited  a  marked  attenuation 
in  the  number  of  polysialylated  neurons /unit 


dentate  area  in  the  hippocampal  granule  cell 
layer-hilar  border  region  as  compared  to  their 
control  counterparts  (Fig.  1A  and  C).  However, 
area  analysis  of  propidium  iodide-stained  hip¬ 
pocampal  sections  revealed  the  dentate  to  be 
much  larger  in  the  lead-exposed  populations. 
When  corrected  for  the  increased  dentate  size  no 
difference  was  apparent  in  the  number  of  poly¬ 
sialylated  neurons  between  control  and  lead-ex¬ 
posed  animal  groups.  Similar  results  were  ob¬ 
tained  in  the  adult  postnatal  day  80  animal  (Fig. 
IB).  The  increased  area  of  the  dentate  persisted 
and  the  overall  reduction  in  polysialylated  neu¬ 
rons  is  attributable  to  their  age-dependent  de¬ 
cline  [8]. 

The  enlargement  of  the  dentate  was  attribut¬ 
able  to  a  marked  change  in  width  due  to  an 
increase  in  the  number  of  granule  cell  rows  and 
intercellular  area  (Fig.  1C).  At  postnatal  day  40 
the  number  of  cells  spanning  the  granule  cell 
layer  was  10.37  ±  0.22  in  the  control  group  as 
compared  to  12.62  ±0.96  (P<0.05;  unpaired 
Student’s  Mest)  in  the  lead-exposed  animals.  A 
similarly  significant  difference  was  noted  in  the 
postnatal  day  80  animals.  Direct  measurement  of 
the  granule  cell  layer  demonstrated  an  approxi¬ 
mate  20%  increase  in  width  in  the  lead-exposed 
group  but  this  was  not  observed  to  persist  in  the 
postnatal  day  80  animals. 

An  apparent  dysmorphogenesis  was  observed 
in  the  ventral  blade  in  the  dentate  gyrus  in  some 
of  the  lead-exposed  animals  (Fig.  1C).  However 
this  was  not  a  consistent  finding  as  the  distance 
from  the  apex  of  the  dentate  gyrus  to  the  end  of 
the  ventral  blade  was  not  significantly  different  in 
the  lead-exposed  animals  when  compared  to 
their  control  counterparts. 

4.  Discussion 

The  persisting  structural  deficits  observed  in 
the  hippocampal  formation  may  be  expected  to 
contribute  to  the  neurobehavioural  deficits  asso¬ 
ciated  with  early  postnatal  lead  exposure  as  this 
brain  region  is  intimately  associated  with  mem¬ 
ory  formation  [17].  The  overall  lead-induced 
change  in  dentate  morphology  was  unexpected 
and,  to  our  knowledge,  no  similar  observation 
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has  been  reported.  The  profound  increase  in  the 
number  of  neurons  in  the  dentate  is  consistent 
with  impaired  proliferative  control  during  early 
neural  structuring  as  no  increase  in  dentate  area 
was  observed  in  lead-exposed  animals  between 
postnatal  day  40  and  postnatal  day  80. 

Previous  studies  have  demonstrated  lead  to 
lengthen  the  cell  cycle  during  periods  of  cell 
acquisition  in  the  developing  cerebellum  [10]. 
However,  no  dramatic  change  was  noted  in 
overall  cell  acquisition  or  in  the  migration  of  the 
granule  cells  from  the  external  to  internal  cell 
layer.  If  the  measured  increase  in  DNA  bio¬ 
synthetic  rate  reflects  a  prolonged  period  of 
neuronal  cell  proliferation,  then  increased  hip¬ 
pocampal  dentate  neurodevelopmental  prolifer¬ 
ation  may  be  expected  as  lead  accumulates 
preferentially  into  this  brain  region  [18].  The 
increase  in  DNA  biosynthetic  rate  persists  until 
the  period  when  NCAM  polysialylation  state 
becomes  attenuated  in  the  normal  animal  [10,12]. 
Given  that  NCAM  can  exert  growth  factor-in- 
dependent  inhibition  of  astrocyte  proliferation 
[19],  persisting  neuronal  and/or  glial  polysialyla¬ 
tion  may  be  expected  to  attenuate  cell  inter¬ 
action  and  result  in  prolonged  periods  of  neuro¬ 
nal  and  glial  proliferation  during  development. 
Increased  glial  cell  number  and/or  hypertrophy 
may  account  for  the  expanded  areas  of  inter¬ 
cellular  contact  observed  in  the  granular  cell 
layer  of  lead-exposed  animals  [20,21]. 

Persistent  NCAM  polysialylation  in  the  early 
perinatal  period  of  lead-exposed  animals  does 
not  appear  to  significantly  influence  the  number 
of  dentate  polysialylated  neurons  in  the  juvenile 
and  adult  animal.  Thus  their  full  neuroplastic 
potential  is  retained  but  likely  to  be  impaired 
significantly  by  the  overall  structural  abnor¬ 
malities  observed  in  this  brain  region  following 
perinatal  low-level  lead  exposure.  Although  their 
position  within  the  dentate  remains  unaltered  the 
extent  of  dendritic  arborisation  required  to  ex¬ 
tend  to  the  molecular  layer  becomes  significantly 
increased.  As  yet,  it  is  unclear  if  these  structural 
abnormalities  will  result  in  an  attenuated  activa¬ 
tion  of  NC AM-mediated  neuroplastic  events 
during  memory  formation. 
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Abstract 

Ozone  (03)  is  a  ubiquitous  pollutant  with  an  array  of  established  effects  following  acute  and  chronic  exposure. 
Absorption  of  03  occurs  in  all  regions  of  the  respiratory  tract,  but  injury  to  the  pulmonary  region  appears  to  be  of 
greatest  concern  because  of  the  susceptibility  of  this  region  to  the  development  of  chronic  disease.  Processes  that 
affect  the  uptake  and  transport  of  03  and  available  dosimetry  models  are  briefly  reviewed  prior  to  discussing  recent 
experimental  dosimetry  data  in  laboratory  animals  and  humans.  Dosimetry  model  predictions  are  compared  with 
experimental  data,  and  an  example  is  provided  that  illustrates  the  potential  for  such  models  to  contribute  to  our 
understanding  of  toxicological  results. 

Keywords :  Uptake;  Ozone;  Dosimetry  models;  Respiratory  tract  absorption;  Gas  transport 


1.  Introduction 

Ozone  (03)  is  a  highly  reactive,  poorly  water- 
soluble  gas  that  is  absorbed  in  all  3  major  regions 
(extrathoracic,  tracheobronchial,  and  pulmonary) 
of  the  respiratory  tract  of  laboratory  animals  and 
humans.  While  this  ubiquitous  pollutant  is 
formed  photochemically  in  urban  air  from  oxides 
of  nitrogen  and  volatile  organic  compounds, 
transport  long  distances  downwind  from  urban 
sources  is  commonplace  [1].  In  the  United  States, 
millions  of  people  are  exposed  to  levels  of  03 
above  the  current  National  Ambient  Air  Quality 
Standard  of  0.12  ppm.  Although  acute  effects  of 
03  have  been  documented  in  both  laboratory 
animals  and  humans  at  or  below  the  current 
standard,  potential  human  health  effects  of  03 
following  chronic,  low-level  exposure  are  of 
greater  concern.  This  concern  has  arisen  in  part 
because  of  a  recent  study  showing  effects  of  03 
in  the  centriacinar  region  of  the  lungs  of  rats 


exposed  chronically  to  a  near-ambient  urban 
profile  of  03  [2]  and  from  subchronic  studies  in 
nonhuman  primates  reporting  effects  in  the  com¬ 
parable  region  of  the  lung  from  exposure  to  0.15 
ppm  [3].  For  a  recent  review  of  an  array  of  acute 
and  chronic  effects  of  03  and  their  implications 
for  standard  setting,  the  reader  is  referred  to 
Lippmann  [4]. 

Understanding  interspecies  differences  in  the 
respiratory  tract  disposition  of  inhaled  03  is 
critical  in  order  to  assess  the  implications  of 
toxicological  results  from  animal  studies  for 
human  risk.  Differences  among  species  in  03 
uptake  may  or  may  not  result  in  different  03 
doses  delivered  to  target  sites  in  the  respiratory 
tract.  Knowledge  of  dose  enables  exposure  re¬ 
sponse  data  to  be  converted  to  dose-response 
relationships  for  the  purpose  of  either  intra-  or 
interspecies  extrapolation.  Here,  some  of  the 
major  factors  influencing  the  respiratory  tract 
uptake  of  03  will  be  briefly  discussed,  and 
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currently  available  experimental  data  on  the 
uptake  of  03  in  laboratory  animals  and  humans 
will  be  reviewed.  An  example  that  illustrates  the 
potential  of  CL  dosimetry  models  to  contribute 
to  toxicological  responses  will  also  be  discussed. 

2.  Factors  affecting  03  uptake 

The  uptake  of  CL  in  specific  regions  of  the 
respiratory  tract  is  determined  by  the  complex 
interaction  of  a  number  of  factors.  Broadly 
defined,  these  factors  relate  to  the  structure  of 
the  given  respiratory  tract  region,  the  nature  of 
ventilation,  and  the  mechanisms  responsible  for 
gas  transport.  Absorption  is  the  term  generally 
used  when  referring  to  the  physical  and  chemical 
processes  that  result  in  removal  of  03  from  the 
airstream.  Here,  uptake  refers  to  the  total  mass 
of  03  absorbed  in  a  region  compared  to  the  mass 
entering  that  region  and  is  usually  expressed 
either  as  a  percentage  or  as  a  fraction. 

2.1.  Respiratory  tract  structure 

The  extrathoracic  (nose  or  mouth  through  the 
larynx),  tracheobronchial  (trachea  through  termi¬ 
nal  bronchioles),  and  pulmonary  (alveolar)  re¬ 
gions  make  up  the  major  subdivisions  of  the 
respiratory  tract.  The  extrathoracic  region  is 
often  termed  the  upper  respiratory  tract  (URT), 
while  the  tracheobronchial  and  pulmonary  re¬ 
gions  combined  are  referred  to  as  the  lower 
respiratory  tract  (LRT).  Although  there  are 
significant  species  differences  in  URT  and  LRT 
structure,  these  differences  are  much  more  pro¬ 
nounced  for  the  URT.  Gross  anatomical  struc¬ 
tures  comprising  the  URT  do  not  scale  according 
to  body  mass.  The  size  and  shape  of  the  nose  and 
the  nasal  turbinates  are  largely  responsible  for 
species  differences  in  internal  nasal  anatomy  [5]. 
These  gross  anatomical  variations  among  rats, 
monkeys,  and  humans  in  the  structure  of  the 
nose  impart  different  major  airflow  streams  in 
these  species  [6,7]  and  hence  differences  in  local 
absorption  of  CL  and  potential  for  site-specific 
tissue  damage.  Since  laboratory  animals  and 
humans  have  the  same  major  epithelial  cell  types 
in  the  nose  (squamous,  transitional,  respiratory, 
and  olfactory),  the  net  result  of  species  differ¬ 


ences  in  URT  uptake  of  CL  relates  to  the 
importance  of  establishing  and  understanding 
site-specific  dose  and  response. 

2.2.  Ventilation 

The  route,  depth,  and  rate  of  breathing  in¬ 
fluence  the  amount  of  03  inhaled.  Results  are 
available  from  various  investigations  [8-10]  on 
the  uptake  of  CL  by  the  URT  in  human  subjects 
breathing  through  the  nose  versus  the  mouth. 
Gerrity  et  al.  [8]  found  a  small  decrease  in  03 
uptake  when  breathing  through  the  nose  com¬ 
pared  to  the  mouth  that  was  statistically  signifi¬ 
cant,  but  not  likely  biologically  significant.  Weis- 
ter  et  al.  [9]  also  concluded  that  in  humans  03 
absorption  is  not  different  for  the  2  routes  of 
breathing.  In  experiments  using  a  bolus  inhala¬ 
tion  system,  however,  Kabel  et  al.  [10]  found  that 
only  50%  of  the  inhaled  CL  was  absorbed  by  the 
URT  during  oral  breathing  compared  with  80% 
during  nasal  breathing.  The  possible  influence  of 
the  nasal  cannula  and  mouthpiece  on  their  re¬ 
sults  was  assessed  by  Kabel  et  al.  [10];  they  found 
no  systematic  changes  that  would  weaken  their 
findings. 

The  depth  and  rate  of  breathing  determine 
minute  ventilation  that,  in  turn,  is  a  function  of 
overall  metabolic  rate  and  physical  exertion 
levels.  The  lungs  are  designed  to  efficiently 
deliver  oxygen  to  the  gas-exchange  region  over  a 
wide  range  of  activity  levels.  Thus,  a  relatively 
insoluble  gas  like  03  is  carried  deep  into  the  lung 
even  at  normal  levels  of  respiration.  With  heavy 
exercise,  there  is  predicted  to  be  a  10-fold  in¬ 
crease  in  total  mass  uptake  of  CL  in  the  human 
lung  [11]  with  a  disproportionate  increase  in 
pulmonary  region  uptake.  A  consistent  finding  in 
human  clinical  studies  is  that  exposures  at  rest  to 
CL  concentrations  greater  than  about  0.5  ppm  or 
at  exercise  to  levels  below  0.2  ppm  result  in  an 
increase  in  breathing  frequency  accompanied  by 
a  decrease  in  tidal  volume  such  that  minute 
ventilation  remains  relatively  unchanged  [12]. 

2.3.  Gas  transport  mechanisms 

Gas  transport  occurs  in  the  airway  lumen, 
liquid  lining  layers  of  the  respiratory  tract,  tissue, 
and  blood.  Various  mechanisms  are  operable  to 
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Fig.  1.  Diagram  illustrating  potential  compartments  and 
transport  factors  that  may  need  to  be  included  in  the 
formulation  of  an  03  dosimetry  model.  The  relative  arrange¬ 
ment  of  the  airway  lumen,  liquid  lining  layer,  tissue,  and 
blood  compartments  of  the  respiratory  tract  is  shown.  Since 
model  compartments  are  symmetric  about  the  airway  lumen, 
only  the  lower  half  of  the  figure  is  fully  labeled.  R,  chemical 
reactions  between  03  and  biochemical  constituents  (BC); 
PRODUCT,  the  resulting  products.  Transport  factors  im¬ 
portant  in  the  various  model  compartments  are  noted.  Modi¬ 
fied  from  Miller  and  Kimbell  [15]. 

differing  degrees  in  the  gas  phase  (airstream) 
compared  with  the  liquid  phase,  as  shown 
schematically  in  Fig.  1.  Transport  of  03  in  the 
gas  phase  is  governed  by  convection,  effective 
axial  dispersion,  and  loss  to  airway  walls.  Con¬ 
vection  refers  to  the  bulk  movement  of  material. 
Bulk  airflow  is  the  predominant  mechanism  for 
gas  transport  in  the  URT  and  major  conducting 
airways  of  the  LRT,  while  diffusion  is  the  major 
transport  mechanism  in  the  pulmonary  region  of 
the  lung.  The  joint  effects  of  turbulence,  sec¬ 
ondary  airflow  patterns,  and  complex  airway 
geometry  can  be  assessed  in  the  tracheobronchial 
region  through  the  use  of  an  effective  axial 
dispersion  coefficient  [13].  The  relative  impor¬ 
tance  of  these  gas  phase  transport  mechanisms 
varies  among  respiratory  tract  regions  for  a  given 
level  of  ventilation  in  any  species.  For  example, 
airflow  is  nonturbulent  in  the  rat  nose  at  any 
physiologic  flow  rate  but  may  be  highly  turbulent 
in  the  human  nose  during  exercise.  Convection 
can  contribute  to  gas  transport  in  the  pulmonary 
region  during  heavy  exercise.  For  additional 
discussion  of  gas  phase  transport  mechanisms 
and  their  importance  for  modeling  the  absorp¬ 


tion  of  reactive  gases  such  as  03,  the  reader  is 
referred  elsewhere  [14,15]. 

Liquid  phase  absorption  of  03  in  a  given 
region  of  the  respiratory  tract  is  influenced  by 
the  biochemical  composition  of  the  fluids  and 
tissues  comprising  the  region  and  by  chemical 
reactions  of  03  with  specific  constituents  of  the 
fluids  and  tissues.  Convection,  diffusion,  and  the 
solubility  of  03  are  also  important  factors  in 
liquid  phase  absorption.  Before  penetrating  to 
underlying  tissue,  03  may  be  depleted  in  the 
liquid  layers  lining  the  respiratory  tract.  A  muco¬ 
ciliary  layer  protects  the  tissue  from  direct  expo¬ 
sure  in  the  URT  and  tracheobronchial  regions, 
while  a  thin  layer  of  surfactant  lines  the  gas- 
exchange  region.  The  surfactant  layer  does  not 
contain  many  constituents  that  react  with  03  so 
that  surfactants  act  primarily  as  a  diffusional 
resistance  layer  relative  to  03  absorption.  The 
mucous  layer,  however,  contains  amino  acids  and 
unsaturated  fatty  acids  as  well  as  various  other 
moieties  [16]  that  can  react  with  03,  thereby 
leading  to  a  distinction  between  net  and  tissue 
03  dose  for  the  URT  and  tracheobronchial 
regions.  Further  discussion  of  the  factors  and 
processes  affecting  liquid  phase  absorption  of  03 
may  be  found  in  Miller  et  al.  [17]. 

3.  03  dosimetry  models 

As  noted  earlier,  knowledge  of  local  dose 
provides  the  critical  link  between  exposure  and 
response.  For  human  risk  assessment  purposes, 
mathematical  dosimetry  models  can  be  used  to 
estimate  human  exposure  scenarios  needed  to 
produce  the  same  dose  of  03  at  specific  sites 
associated  with  responses  in  animal  toxicological 
studies.  Inherent  in  this  approach  is  the  need  to 
develop  dosimetry  models  that  can  take  into 
account  species  differences  in  respiratory  tract 
anatomy,  ventilatory  parameters,  and  the 
physicochemical  properties  of  03.  For  many 
gases,  the  state  of  knowledge  of  toxicological 
effects  is  such  that  dose  on  a  regional  (macro) 
scale  is  sufficient.  For  03,  however,  the  toxi¬ 
cological  database  can  be  considered  to  be  avail¬ 
able  on  the  cellular  (micro)  scale. 

Fortunately,  the  development  of  03  dosimetry 
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models  for  laboratory  animals  and  humans 
[11,18-23]  has  kept  pace  or  been  ahead  of  the 
quantitation  of  effects  of  03  on  the  LRT.  To 
date,  only  the  model  of  Hanna  et  al.  [21]  has 
addressed  URT  dosimetry  in  humans  in  more 
than  a  cursory  manner.  No  detailed  treatment  of 
site-specific  dosimetry  of  03  in  the  URT  of 
laboratory  animals  is  currently  available.  Thus 
far,  URT  absorption  of  03  in  animals  has  only 
been  incorporated  indirectly,  either  by  adjusting 
the  tracheal  input  concentration  to  reflect  URT 
scrubbing  efficiency  (fractional  removal)  or  by 
including  the  URT  volume  in  the  model  struc¬ 
ture  but  ignoring  URT  absorption.  However, 
computational  fluid  dynamic  modeling  methods 
such  as  those  of  Kimbell  et  al.  [24]  will  allow 
future  03  dosimetry  models  to  examine  site- 
specific  dose  and  response  relationships  in  the 
URT  of  various  species. 

An  important  aspect  of  respiratory  tract  struc¬ 
ture  currently  not  captured  in  any  dosimetry 
model  for  03  concerns  the  representation  of  the 
mucociliary  layer  in  the  URT  and  tracheobron¬ 
chial  regions.  In  these  regions,  this  layer  is 
comprised  of  an  epiphase  and  an  underlying 
hypophase.  The  cilia  of  ciliated  cells  are  bathed 
in  the  watery  fluid  of  the  hypophase.  Sufficient 
quantitative  data  have  not  been  available  to 
allow  modelers  to  distinguish  the  epiphase  from 
the  hypophase.  Effects  on  ciliated  cells  of  mon¬ 
keys  have  been  reported  for  relatively  low  levels 
of  exposure  to  03  [25],  leading  to  speculation 
that  03  dosimetry  models  underestimate  the 
tissue  dose  of  03  in  these  regions.  One,  however, 
cannot  rule  out  the  proposal  that  effects  on 
ciliated  cells  are  mediated  through  03  effects  on 
cilia  in  the  hypophase,  and,  if  so,  model  predic¬ 
tions  of  tissue  dose  may  indeed  be  correct. 

An  area  that  affects  modeling  uptake  and 
transport  of  03  in  the  respiratory  tract  concerns 
identifying  the  most  appropriate  dose  metrics  for 
the  toxicological  effects  of  this  pollutant  in  the 
extrathoracic,  tracheobronchial,  and  pulmonary 
regions.  Recent  ozonalysis  studies  [26],  particu¬ 
larly  with  unsaturated  fatty  acids,  indicate  that 
reaction  of  03  with  these  olefins  produces  hydro¬ 
gen  peroxide  and  aldehydes  that  may  be  reactive 
intermediates  associated  with  or  responsible  for 
the  ultimate  toxicity  of  03.  In  addition,  Pryor 


[27]  used  these  data,  other  biological  informa¬ 
tion,  and  03  physicochemical  data  to  predict  that 
03  per  se  cannot  penetrate  any  liquid  lining  layer 
greater  than  about  0.1  /xm  thick.  He  cites  0.1  ^m 
as  the  thickness  of  the  lung-lining  fluid  barrier 
(i.e.,  the  surfactant  layer)  in  the  lower  airways 
and  concludes  that  little  or  none  of  the  03 
can  penetrate  this  layer  to  attack  the  cells  below 
it,  except  where  it  is  at  its  thinnest  or  is  entirely 
denuded.”  The  distribution  of  the  surfactant 
layer,  however,  is  very  heterogeneous  since  the 
layer  conforms  to  minor  perturbations  of  the 
surface  of  Type  1  cells  and  only  pools  in  crevices 
and  over  Type  2  cells  (Dr.  Robert  Mercer,  Duke 
University  Medical  Center,  Durham,  NC,  pers. 
commun.).  The  surface  area  of  Type  2  cells 
makes  up  only  about  2%  of  the  alveolar  surface 
area  [28].  Thus,  the  surfactant  layer  is  on  average 
about  0.02  /xm  thick  over  about  98%  of  the 
alveolar  surface  of  the  lung  and  may  approach 
thicknesses  between  0.1  and  0.2  /xm  over  about 
2%  of  the  lung  (Dr.  Robert  Mercer,  pers.  com¬ 
mun.). 

Nevertheless,  Pryor’s  [27]  analysis  and  postu¬ 
lation  that  a  cascade  of  reaction  products  are 
involved  in  03  toxicity  raise  the  question  as  to 
what  is  the  relevant  dose  metric  for  toxicity  in 
the  extrathoracic,  tracheobronchial,  and  pulmon¬ 
ary  regions.  Potential  03  dose  candidates  other 
than  tissue  dose  would  be  total  dose,  liquid  lining 
layer  dose,  and  dose  of  toxic  reactive  inter¬ 
mediaries.  In  judging  the  implications  and  appro¬ 
priateness  of  various  dose  metrics,  one  needs  to 
keep  in  mind  the  following  points:  (1)  the  thick¬ 
ness  of  the  liquid  lining  layer  is  highly  variable 
throughout  the  respiratory  tract;  (2)  the  lining 
layer  may  be  patchy  in  distal  conducting  airways; 
and  (3)  surfactant  pools  within  individual  alveoli 
during  the  breathing  cycle  so  that  a  time-  and 
location-dependent  thickness  may  need  to  be 
used  in  calculating  03  mass  transfer  rates  in  the 
gas-exchange  region. 

4.  Experimental  dosimetry  data  and  model 
predictions 

Given  the  extremely  high  reactivity  of  03, 
direct  measurement  of  O.  tissue  dose  was  not 
possible  until  the  development  of  experimental 
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approaches  involving  lsO,  a  stable  isotope  of 
oxygen,  and  isotope  ratio  mass  spectroscopy  in 
the  latter  1980s  [29,30].  Tissue  absorption,  how¬ 
ever,  was  assessed  indirectly  as  early  as  1972  in 
animal  studies  where  03  was  drawn  unidirection- 
ally  through  URT  airways  that  had  been  sur¬ 
gically  isolated  [31].  In  recent  years,  a  number  of 
in  vivo  dosimetry  studies  have  been  conducted  in 
laboratory  animals  and  in  human  subjects.  Some 
of  the  major  findings  of  these  studies  will  be 
briefly  discussed. 

Total  respiratory  tract  uptake  of  03  was  ex¬ 
amined  in  3  strains  of  rats  and  in  guinea  pigs  by 
Weister  et  al.  [32].  These  investigators  found  no 
dependence  on  strain  of  rat  nor  any  difference 
between  rats  and  guinea  pigs,  with  uptake 
averaging  47%.  Studies  of  total  respiratory  tract 
uptake  in  human  subjects  have  used  tidal  vol¬ 
umes  ranging  from  500  to  1650  ml  and  breathing 
frequencies  ranging  from  7.5  to  35  bpm  [8,23,33]. 
Despite  this  wide  range  of  ventilatory  parame¬ 
ters,  total  uptake  ranged  from  78  to  97%.  Thus 
the  respiratory  tract  of  the  rat  is  less  efficient  in 
removing  03  from  the  airstream  compared  with 
humans.  This  further  highlights  the  need  to 
understand  differences  between  these  species  in 
regional  03  removal  to  make  appropriate 
dosimetric  adjustments  before  comparing  poten¬ 
tial  similarities  in  toxicological  effects. 

To  date,  the  only  human  studies  in  which  URT 
and  LRT  uptake  have  been  determined  in  the 
same  individuals  have  been  conducted  by  Gerrity 
and  coworkers  [8,33].  Table  1  summarizes  their 
results  for  uptake  during  cyclical  breathing  or 
steady  unidirectional  flow.  Previously,  Miller  et 


al.  [34]  showed  their  model  of  LRT  03  absorp¬ 
tion  predicted  net  doses  that  fit  the  experimental 
data  well  for  the  steady  unidirectional  flow 
experiments  of  Gerrity  et  al.  [8].  As  noted  by 
Gerrity  et  al.  [33],  however,  the  dosimetry  model 
of  Miller  et  al.  [11]  overpredicts  uptake  of  03  in 
the  lung  for  the  type  of  cyclical  breathing  reg¬ 
imen  they  used. 

As  shown  in  Table  1,  URT  uptake  is  about 
40%  for  either  type  of  airflow.  Uptake  efficiency 
of  the  LRT  is  considerably  higher  for  steady 
unidirectional  compared  with  cyclical  flow 
(<70%  versus  about  90%)  and  consequently  so 
is  total  uptake.  A  major  part  of  this  apparent 
difference  is  due  to  the  following.  Gerrity  et  al. 
[8]  used  peak  plateau  concentrations  to  compute 
uptake  in  their  unidirectional  steady  flow  experi¬ 
ments.  In  their  cyclical  breathing  experiments 
[33],  however,  uptake  was  computed  by  inte¬ 
grating  concentration  and  flow  during  the  breath¬ 
ing  cycle.  To  better  compare  the  experimental 
data  from  the  2  studies,  Gerrity  et  al.  [33] 
computed  peak  03  uptake  efficiencies  using  the 
extrema  of  the  analyzer  output  signal.  This 
procedure  yielded  LRT  uptake  efficiencies  that 
were  quite  comparable  to  those  obtained  in  their 
1988  study  but  URT  uptakes  were  still  different 
(19  vs.  40%).  Gerrity  et  al.  [33]  interpreted  the 
differences  in  URT  uptake  to  inspiratory  flows 
that  were  2-4  times  greater  than  in  their  earlier 
study,  whereas  they  felt  that  the  similarities  in 
LRT  uptake  might  have  resulted  from  offsetting 
effects  of  higher  flows  and  greater  tidal  volumes 
in  their  cyclic  breathing  experiments. 

Since  normal  respiration  is  cyclical  in  nature, 


Table  1 

Uptake  efficiencies  in  human  subjects  during  steady  unidirectional  or  cyclical  flow _ 

Flow  Tidal  Breathing  Uptake  efficiency 

volume  frequency  - - 

(ml/s)  (bpm)  URT _ 


Cyclic’1  1650  25 

1239  35 

Steady"  832  12 

778  24 


0.37 

0.41 

0.41 

0.38 


LRT 

Total0 

0.68 

0.88 

0.62 

0.87 

0.93 

0.97 

0.89 

0.96 

a  Data  from  Gerrity  et  al.  [33]  with  uptake  computed  by  integration  during  cyclic  breathing. 

b  Data  from  Gerrity  et  al.  [8]  with  uptake  computed  during  constant  unidirectional  flow.  Mouth  and  nasal  exposure  data  were 


c  Data  include  an  URT  contribution  for  exhalation  equal  to  that  of  inspiration  since  the  original  publications  did  not  include  the 
contribution  from  URT  uptake  during  expiration. 


282 


F.J.  Miller  I  Toxicology  Letters  82! S3  (1995)  277-285 


uptake  efficiencies  determined  using  this  expo¬ 
sure  mode  should  probably  carry  greater  weight 
when  comparing  dosimetry  model  predictions 
with  experimental  data.  One  should  also  bear  in 
mind  the  fact  that  complex  dosimetry  model 
formulations  for  03  absorption  have  required 
various  assumptions  (e.g.,  model  parameter  val¬ 
ues,  reaction  kinetics),  estimations  (e.g.,  mass 
transfer  values,  scaling  of  airway  dimensions), 
and  extrapolations  (e.g.,  biochemical  composition 
data  from  one  species  used  to  represent  that  for 
another).  These  limitations  actually  are  one  of 
the  strengths  of  dosimetry  modeling  because  the 
models  can  easily  be  modified  to  incorporate  new 
knowledge  or  data.  For  example,  the  bolus 
exposure  studies  of  Hu  et  al.  [23]  enabled  ex¬ 
perimental  derivation  of  mass  transfer  coeffi¬ 
cients  for  localized  absorption  of  03  in  trach¬ 
eobronchial  airways.  After  incorporating  these 
mass  transfer  coefficient  data  and  making  other 
improvements  (e.g.,  adding  oral  and  pharyngeal 
compartments)  to  the  03  dosimetry  model  of 
Miller  et  al.  [11],  model  predictions  of  total 
respiratory  tract  uptake  were  found  to  be  in 
better  agreement  with  the  experimental  data 
(Dr.  John  Overton,  U.S.  Environmental  Protec¬ 
tion  Agency,  Research  Triangle  Park,  NC,  pers. 
commun.). 

Regional  respiratory  tract  absorption  of  in 
rats  was  examined  by  Hatch  et  al.  [35]  using  lsO 
analysis  methods.  While  the  major  focus  was  to 
determine  uptake  by  the  URT,  the  authors  had 
to  use  a  compartmental  model  to  derive  an 
estimate  of  uptake.  From  measurements  of  lsO 
enrichment,  they  found  that  the  total  respiratory 
tract  enrichment  was  distributed  among  the 
head,  trachea,  and  lungs  according  to  percent¬ 
ages  of  49.3,  6.5,  and  44,  respectively.  Then,  using 
a  series  of  equations  relating  percentages  re¬ 
moved  by  each  compartment  during  inhalation 
and  exhalation,  they  found  URT  uptake  to  be 
17.4%  on  inhalation  with  a  standard  error  of 
1.5%.  Thus,  uptake  efficiency  in  the  head  of  the 
rat  is  considerably  lower  than  that  in  humans. 
LRT  uptake  cannot  be  derived  from  the  data 
reported  by  Hatch  et  al.  [35].  However,  if  tidal 
volume  and  breathing  frequency  data  from  Weis- 
ter  et  al.  [32]  are  used  as  inputs  into  the  equation 


for  LRT  dose  that  Overton  et  al.  [36]  developed 
using  these  parameters,  LRT  uptake  alone  would 
exceed  the  value  of  47%  of  Weister  et  al.  [32]  for 
respiratory  tract  uptake  (Dr.  John  Overton,  pers. 
commun.).  Thus  far,  dosimetry  models  for  the  rat 
have  based  mass  transfer  coefficients  on  bio¬ 
chemical  composition  and  chemical  reaction 
kinetic  data  from  humans.  A  recent  synthesis 
[37]  of  published  data  on  phospholipid  composi¬ 
tion,  biosynthesis,  and  secretion  in  various 
species  contains  quantitative  data  for  the  rat  that 
should  eliminate  the  need  for  the  species-equiva¬ 
lent  biochemical  composition  assumption  in  fu¬ 
ture  03  dosimetry  modeling  efforts. 

5.  Response  data  and  dosimetry  model 
predictions 

Once  dosimetry  models  are  developed,  they 
can  be  used  to  examine  a  wide  variety  of  toxi¬ 
cological  issues.  Computer  simulation  models  can 
predict  dose  for  a  range  of  exposure  scenarios  to 
assist  in  synthesizing  results  from  a  single  experi¬ 
ment  or  from  multiple  studies  [34].  In  recent 
years,  3-dimensional  reconstruction  techniques 
have  been  used  to  greatly  expand  our  knowledge 
of  the  structure  of  the  pulmonary  acinus  in 
laboratory  animals  and  humans  [38].  The  impli¬ 
cations  of  this  information  for  use  in  dosimetry 
models  have  been  reviewed  by  Miller  et  al.  [17]. 
An  example  of  how  dosimetry  models  can  con¬ 
tribute  to  our  understanding  of  toxicological 
results  is  discussed  briefly  below  to  illustrate 
where  modeling  and  toxicology  are  likely  headed 
in  the  future. 

For  some  time,  pathologists  and  toxicologists 
have  noted  that  03  exposure  results  in  differing 
degrees  of  injury  in  different  centriacini  of  the 
same  rat  [39,40].  This  patchy  lesion  effect  is  a 
hallmark  of  03  toxicity.  Collectively,  a  series  of 
studies  [22,36,41]  demonstrate  that  differences  in 
tracheobronchial  path  length  and  acinar  volume 
combine  to  impart  significant  variability  in  03 
dose  to  ventilatory  units  in  the  rat  lung.  (A 
ventilatory  unit  is  defined  to  be  the  collection  of 
all  alveoli  arising  from  a  single  terminal  bron¬ 
chiole,  which  is  about  1500  alveoli  for  the  rat.) 
Mercer  et  al.  [22]  hypothesized  that  large  ven- 
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tilatory  units  at  the  end  of  short  tracheobronchial 
paths  may  be  disproportionately  affected  at  low 
03  exposure  levels. 

Initial  attempts  to  address  this  issue  were 
made  by  Pinkerton  et  al.  [42]  in  a  study  in  which 
rats  were  exposed  to  0.98  ppm  03  nocturnally  for 
3  months.  Following  exposure,  bronchiolar-al- 
veolar  duct  junctions  (BADJ)  were  isolated, 
concentric  arcs  were  formed  at  100-yum  intervals 
distally  through  tissue  sections,  and  the  change  in 
alveolar  wall  and  septal  tip  thickness  was  de¬ 
termined.  Fig.  2  shows  changes  in  these  end 
points  for  03 -exposed  animals  relative  to  con¬ 
trols  as  a  function  of  distance  from  the  start  of 
the  BADJ.  Also  shown  in  Fig.  2  is  the  ventilatory 
unit  dose  of  03  predicted  by  Mercer  et  al.  [22]. 
Similar  curvilinear  relationships  can  be  seen  for 
both  changes  in  alveolar  wall  thickness  and 
predicted  dose  proceeding  distally  into  the  ven¬ 
tilatory  unit.  Although  changes  in  septal  tip 
thickness  do  not  mimic  the  fall  in  predicted  dose 
as  well  as  do  changes  in  alveolar  wall  thickness, 
Miller  and  Kimbell  [15]  attribute  this  to  the  fact 


Fig.  2.  The  predicted  dose  of  03  relative  to  distance  from  the 
BADJ  and  corresponding  changes  from  control  in  alveolar 
wall  and  septal  tip  thickness.  Rats  were  exposed  nocturnally 
(8  h  per  night)  for  90  days  to  0.98  ppm  03.  Predicted  dose 
changes  are  related  to  the  left-hand  y-axis;  changes  in 
alveolar  wall  and  septal  tip  thickness  are  related  to  the 
right-hand  y-axis.  Reprinted  with  permission  from  Miller  and 
Kimbell  [15]. 


that  the  conical  model  segments  used  by  Mercer 
et  al.  [22]  do  not  reflect  the  degree  of  mi¬ 
croanatomy  represented  by  septal  tips.  Nonethe¬ 
less,  one  can  infer  from  Fig.  2  that  the  usefulness 
of  such  dosimetry  models  in  extrapolating  toxi¬ 
cological  results  is  clearly  established.  Indeed, 
Pinkerton  et  al.  [43]  have  taken  another  major 
step  along  these  lines  in  a  study  of  rats  chronical¬ 
ly  exposed  to  0,  0.12,  0.5,  or  1  ppm  03.  These 
authors  studied  selected  airway  generations  and 
pulmonary  acini  arising  from  short  and  long 
tracheobronchial  paths  and  analyzed  the  degree 
to  which  bronchiolar  epithelium  extended 
beyond  the  BADJ  into  alveoli.  Pinkerton  et  al. 
[43]  found  this  effect  to  be  concentration-depen¬ 
dent  and  site-specific,  with  ventilatory  units  aris¬ 
ing  from  a  short  tracheobronchial  path  of  the  left 
lung  in  male  rats  being  the  most  affected  by  03 
exposure. 


6.  Conclusion 

A  wide  array  of  responses  have  been  shown  in 
all  major  regions  of  the  respiratory  tract  follow¬ 
ing  acute  and  chronic  exposure  of  laboratory 
animals  to  03.  Pulmonary  region  effects  appear 
to  be  of  greatest  concern,  however,  because  of 
the  susceptibility  of  this  region  to  the  develop¬ 
ment  of  chronic  disease.  An  understanding  of 
dose  is  critically  important  for  linking  exposure 
with  response  prior  to  using  chronic  toxicity  data 
to  assess  potential  human  health  risks  from 
exposure  to  03.  Major  factors  affecting  03  up¬ 
take  include  the  structure  of  the  respiratory  tract, 
the  nature  of  ventilation,  and  the  mechanisms  of 
gas  transport.  Information  on  these  factors  was 
briefly  reviewed  as  well  as  the  general  nature  of 
03  dosimetry  models  that  incorporate  this  in¬ 
formation.  Results  from  various  experimental 
dosimetry  studies  on  03  uptake  in  the  respirato¬ 
ry  tract  were  discussed,  and  predictions  from  03 
dosimetry  models  were  compared  with  some  of 
the  experimental  findings.  Lastly,  an  example 
was  discussed  that  illustrates  the  potential  for 
dosimetry  models  to  contribute  to  our  under¬ 
standing  of  the  toxicological  responses  associated 
with  exposure  to  this  ubiquitous  air  pollutant. 
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Abstract 

Ozone,  with  its  high  reactivity,  is  entirely  consumed  as  it  passes  through  the  first  layer  of  tissue  it  contacts  at  the 
lung/ air  interface.  This  layer  includes  the  epithelial  cell  lining  fluid  (ELF)  and,  where  the  ELF  is  thin  or  absent,  the 
membranes  of  the  epithelial  cells  that  line  the  airways.  Thus  the  biochemical  changes  that  follow  the  inhalation  of 
ozone  must  be  relayed  into  deeper  tissue  strata  by  a  cascade  of  ozonation  products.  Lipid  ozonation  products 
(LOP)  are  suggested  to  be  the  most  likely  relay  molecules  of  ozone’s  signal.  This  is  because  unsaturated  fatty  acids 
are  present  in  relatively  high  concentrations  in  both  the  ELF  and  in  pulmonary  cell  bilayers,  and  ozone  reacts  with 
unsaturated  fatty  acids  to  produce  ozone-specific  products.  Further,  LOP  are  finite  in  number,  have  structures  that 
are  predictable  from  the  Criegee  ozonation  mechanism,  and  are  small,  diffusible,  stable  (or  meta-stable)  molecules, 
similar  to  other  lipid-derived  signal  transduction  species.  Preliminary  data  show  that  individual  LOP  cause  the 
activation  of  specific  lipases,  which  trigger  the  release  of  endogenous  mediators  of  inflammation. 

Keywords:  Ozone;  Lipid  ozonation  product;  Inflammation;  Epithelial  cell  lining  fluid;  Lipase;  Phospholipase 


1.  Introduction 

The  inflammatory  effects  of  ozone  have  been 
demonstrated  in  both  animal  and  human  studies 
[1];  effects  include  airway  hyperactivity,  in¬ 
creased  epithelial  macromolecular  permeability, 
neutrophil  infiltration,  and  airway  mucus  hyper¬ 
secretion  [1-6].  There  is  strong  evidence  for  the 
presence  of  lung  inflammation  several  hours  after 
exposure  [1].  Despite  the  long  history  of  the 
study  of  ozone,  the  molecular  steps  that  cause 
this  pathology  are  not  known. 

We  here  review  the  suggestion  that  the  toxic 
effects  of  ozone  are  due,  at  least  in  part,  to  a 
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cascade  of  lipid  ozonation  products  (LOP)  rather 
than  to  ozone  itself  [7,8].  Fig.  1  is  a  cartoon 
showing  the  proposed  cascade  mechanism. 

The  cascade  mechanism  originated  in  calcula¬ 
tions  that  suggest  that  ozone  is  too  reactive  to 
penetrate  far  into  tissue;  only  a  very  small 
fraction  of  the  total  dose  of  ozone  can  pass 
unreacted  through  a  bilayer  membrane,  and 
none  can  pass  through  a  cell  [9].  Yet  we  know 
there  are  both  pulmonary  and  extra-pulmonary 
effects  of  ozone,  and  so  we  must  ask:  how  do 
these  effects  arise? 

It  is  logical  to  propose  that  a  cascade  of 
ozonation  products  is  responsible  for  the  damage 
that  occurs  when  ozone  is  inhaled.  Ozone  must 
react  in  the  first  layer  of  tissue  it  contacts  at  the 
lung /air  interface.  This  layer  includes  the  epi- 
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air  tissue  boundary 


CASCADE 
OF  OZONATION 
EFFECTS 


Lipase  activation 
(&  possibly  other  effects) 


Release  of  endogenous  mediators 
of  inflammation  (e.  g.,  PAF) 

Fig.  1.  A  cartoon  showing  the  cascade  mechanism  for  ozone 
toxicity.  Ozone  reacts  with  lipids  to  form  LOP;  these  LOP 
then  activate  lipases,  and  perhaps  have  other  biological 
properties.  The  activated  lipases  result  in  the  production  and 
release  of  endogenous  cellular  signal  transduction  molecules 
such  as  eicosanoids,  PAF,  and  others. 


thelial  cell  lining  fluid  (ELF)  and,  where  the  ELF 
is  thin  or  absent,  the  membranes  of  the  epithelial 
cells  themselves  that  line  the  airways.  But,  it 


must  be  recognized  that  the  cascade  mechanism 
is  a  Tinker-to-Evers-to-Chance’  relay  of  a  signal, 
and,  as  in  baseball,  the  nature  of  the  shortstop 
and  second  baseman  is  critical  in  determining  the 
speed  of  the  relay  and  the  damage  done.  And  so 
we  must  ask:  what  is  the  nature  of  the  products 
that  relay  the  effects  of  ozone? 

For  several  reasons,  we  believe  that  LOP  are 
the  most  likely  transmitters  of  ozone’s  message. 
Firstly,  the  ELF  is  about  90%  lipid  and  10% 
protein,  and  the  concentration  of  unsaturated 
fatty  acids,  and  particularly  mono-unsaturated 
fatty  acids,  in  the  lipids  is  appreciable.  Table  1 
lists  the  types  of  lipid  that  occur  in  human  ELF; 
as  can  be  seen,  phosphatidylcholine  is  the  princi¬ 
pal  lipid.  Table  2  gives  the  percent  of  unsatu¬ 
rated  fatty  acids  present  in  human  ELF;  phos¬ 
phatidylcholine  contains  about  7%  palmitoleic 
and  about  15%  oleic,  plus  small  amounts  of  more 
highly  unsaturated  fatty  acids. 

Secondly,  some  ozone  is  destroyed  by  reaction 
with  antioxidants  such  as  vitamin  E,  ascorbate, 


Table  1 


Major  phospholipids  of  human  ELF  and  lung  tissue 


Phospholipid11 

ELFb  (%) 

ELF'  (% ) 

ELF'1  (%) 

Lung  tissue'-  (% ) 

Phosphatidylcholine 

73 

69 

68 

81 

Phosphatidylglycerol 

12 

11 

10 

9 

Phosphatidylethanolamine 

3 

8 

5 

2 

The  percentage  composition  refers  to  the  surfactant  isolated  from  minced  lung  tissue  by  repetitive  centrifugation. 
''  The  phospholipid  fraction  typically  accounts  for  70-90%  of  the  total  lipid  [34], 
b  Ref.  [35]. 
c  Ref.  [36]. 
d  Ref.  [37]. 

0  Ref.  [38]. 


Table  2 


Percentage  unsaturated  fatty  acids  present  in  human  ELF  major  phospholipids 


Fatty  acid 

PC 

PE 

PG 

CH,(CH,)5CH=CH(CH:)7CO,H 

Palmitoleic  acid 

8,5 

4 

5 

CH3(CH2)7CH=CH(CH2)7CO,H 

Oleic  acid 

17,  11 

47 

34 

CH3(CH2)4CH=CHCH2CH=CH(CH2)7C02H 

Linoleic  acid 

1.4 

8 

3 

CH3(CH2)4CH=CHCH2CH=CHCH2CH=CH-CH2CH=CH(CH2),C02H 
Arachidonic  acid 

0,2 

5 

1 

'The  first  entry  in  this  column  is  calculated  from  Ref.  [36]  and  the  second  is  from  Ref.  [35].  All  other  values  are  from  Ref.  [36]. 
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and  glutathione,  but  these  reactions  probably  are 
part  of  a  sacrificial  protection  system  that  leads 
to  few  toxic  products.  (They  may,  however,  lead 
to  signals  of  generalized  oxidative  stress  such  as 
depleted  glutathione  [10].)  Furthermore,  despite 
this  protective  screen  of  antioxidants,  some 
ozone  does  react  with  lipids  in  the  lung  [8,11-16]. 

Thirdly,  lipids  give  small,  diffusible  products 
upon  ozonation,  rather  than  the  less  defined 
products  formed  from  proteins  [17].  LOP  are 
stable  (or  meta-stable)  molecules  with  structures 
similar  to  known  lipid-derived  signal  transduc¬ 
tion  species. 

The  ozonation  of  lipids  gives  products  with 
structures  that  are  predictable  from  the  Criegee 
mechanism  of  ozonation;  this  mechanism  is 
shown  in  Fig.  2.  If  ozonation  occurs  in  a  partly 
aqueous  area,  such  as  the  ELF,  then  the  ozona¬ 
tion  process  produces  aldehydes,  hydroxy- 
hydroperoxides  and  small  amounts  of  the 
Criegee  ozonide. 

The  relative  amounts  of  the  products  that  are 
formed  from  the  ozonation  of  lipids  can  be 
predicted  from  the  known  rate  constants  with 
which  the  double  bond  in  the  lipid  reacts  with 
ozone  [18-21]  and  the  relative  amounts  of  the 


H 

"  R'— C\-OH 

OOH 

Hydroxyhydroperoxide 

11 

o 

,  // 

R'— C  +  H202 

H 

O 

// 

+  R'— C  +  H202 

\ 

H 


H  0-0  H 

XoX, 

R  R' 

Criegee  Ozonide 

O 

// 

R— C 

\ 

H 

Aldehyde 


Net  reaction: 

H  H 

\  / 

C=C 

/  \  , 

R  R' 


H20 


unsaturated  fatty  acids  in  the  ELF  and  pulmon¬ 
ary  membranes.  Since,  as  we  have  seen,  only  a 
limited  number  of  mono-unsaturated  fatty  acids 
(MUFA)  and  polyunsaturated  fatty  acids 
(PUFA)  occur  in  lung  tissue,  only  a  limited 
number  of  LOP  will  be  formed. 

For  example,  the  most  prevalent  MUFA  in  the 
ELF  are  palmitoleic  (16:1  (n  —  7))  and  oleic  acids 
(18:l(n  -  9)),  which  give  heptanal  and  nonanal  as 
their  aldehydic  products  upon  ozonation. 
Furthermore,  these  aldehydic  products  are  rela¬ 
tively  specific  to  ozonation,  since  MUFA  do  not 
undergo  autoxidation  (a  process  that  also  can 
produce  aldehydes).  Fig.  3  outlines  possible  LOP 
from  various  types  of  pulmonary  lipid. 

2.  Structures  of  the  LOP 

Note  that  ozonation  of  an  olefin  in  the  pres¬ 
ence  of  water  can  give  rise  to  either  the  Criegee 
ozonide  or  to  the  fragmentation  of  the  substrate 
into  2  different  pairs  of  aldehydes  and  hydroxy- 
hydroperoxides  [22].  For  example,  if  the  olefin  is 
a  lipid  such  as  l-palmitoyl^-oleoyl-sw-glycerol^- 
phosphatidylcholine  (POPC),  then  the  LOP 
shown  in  Fig.  4  are  formed.  These  LOP  include 
the  POPC  Criegee  ozonide  (POPC-Oz)  and  2 
aldehyde-hydroxyhydroperoxide  pairs,  one  in 
which  the  aldehyde  is  attached  to  the  glycerol 
backbone  (PC-Ald)  paired  with  a  9-carbon  hy¬ 
droxyhydroperoxide  (HHP-C9),  and  where  the 
hydroxyhydroperoxide  is  attached  to  the  glycerol 
backbone  (PC-HHP)  and  a  9-carbon  aldehyde 
(Ald-C9;  nonanal)  is  released.  Thus,  5  principal 
LOP  are  formed  from  POPC  (if  stereoiosomers 
are  ignored).  As  can  be  seen  from  this  example, 
the  number  of  LOP  that  are  formed  from  the 
ozonation  of  pulmonary  lipids  is  a  finite  number 
of  species  that  can  be  synthesized  and  tested 
both  in  vitro  and  in  vivo  for  biological  effects. 


Fig.  2.  The  top  portion  of  this  figure  shows  the  mechanism  of 
ozonation  of  an  olefin  (such  as  an  unsaturated  fatty  acid)  that 
contains  a  cis  double  bond.  Ozonation  can  produce  either  the 
Criegee  ozonide  or,  if  water  is  present,  a  molecule  of 
aldehyde  and  one  of  a  HHP.  The  HHP  is  in  equilibrium  with 
another  molecule  of  aldehyde  and  hydrogen  peroxide.  The 
net  reaction,  therefore,  gives  2  moles  of  aldehyde  and  1  mole 
of  hydrogen  peroxide  per  mole  of  ozone  and  olefin  used 
[39,40]. 


3.  Biological  effects  of  LOP 

Airway  epithelial  cells  respond  to  stimulation 
with  the  release  of  a  variety  of  pro-inflammatory 
lipid  mediators  such  as  eicosanoids  [23,24]  and 
PAF  [25];  reactive  oxygen  species  [26,27];  and 
cytokines  [28,29].  Synthesis  and  release  of  many 
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Compound  Class 

Lipid  Precursor 

Structure 

Abbreviated  Name 

1.  Aldehydes 

Palmitoleic-containing 

Lipid 

CH3(CH2)5CHO 

Ald-C7 

Oleic-containing 

Lipid 

CH3(CH2)7CHO 

Ald-C9 

1-Palmitoyl-2-(palmitoleoyl, 
oleoyl  or  linoleoyl)-sn-glycero- 
3-phosphocholine 

CH3(CH2)14C02CH2 

OHC(CH2)£02CH 

PC-Ald 

CH2OP(0)3(CH2)2N(CH3)3 

II.  Hydroxyhydroperoxides  Palmitoleic-containing 

CH3(CH2)5CH(OH)OOH 

HHP-C7 

Lipid 

Oleic-containing 

Lipid 

CH3(CH2)7CH(OH)OOH 

HHP-C9 

1-Palmitoyl-2-(palmitoleoyl, 
oleoyl  or  linoleoyl)-sn-glycero- 

CH3(CH2)14C02CH2 

HOO(HO)HC(CH2)tC02CH 

PC-HHP 

3-phosphocholine 

CH20P(0)3(CH2)2N(CH3)3 

III.  Criegee  Ozonide 


1  -Palmitoyl-2-Oleoyl- 
sn-glycero-3-phospho 
choline 


CH3(CH2)i4C02CH2 
CH3(CH2)7Hd  xCH(CH2)7C02CH 

^  CH20P(0)3(CH2)2N(CH3)3 


POPC-Oz 


Fig.  3.  Structures  and  their  acronyms  for  LOP  that  are  formed  when  various  types  of  pulmonary  lipids  undergo  ozonation. 
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Fig.  4.  The  LOP  formed  when  POPC  undergoes  ozonation. 
POPC  is  an  important  unsaturated  lipid  in  pulmonary  tissue, 
so  the  LOP  shown  are  possible  relay  molecules  for  the 
toxicity  of  ozone  into  deeper  tissue  strata  than  ozone  itself 
can  penetrate. 

of  these  substances  is  stimulated  by  ozone  expo¬ 
sure  [25].  The  in  vitro  exposure  of  epithelial  cells 
to  ozone  results  in  dose-dependent  increases  in 


PLA2,  PLC,  and  PLD  activity  [25].  The  activa¬ 
tion  of  PLC  in  epithelial  cells  appears  to  be 
G-protein  dependent  [30].  This  suggests  that 
airway  epithelial  cells  can  respond  to  stimuli 
through  complicated  signal  transduction  path¬ 
ways  that  involve  specific  receptors  that  link  G- 
proteins,  PLA2,  PLC,  and  PLD.  We  therefore 
have  tested  whether  LOP  are  the  signal  mole¬ 
cules  that  are  responsible  for  these  effects. 

Our  preliminary  data  show  that  individual 
LOP  activate  specific  lipases  both  in  vitro  in  a 
liposomal  system  [31]  and  in  cells  in  culture  [32]. 
Thus,  LOP  do  appear  to  produce  some  of  the 
same  effects  that  have  been  observed  for,  and 
attributed  to,  ozone  itself. 

4.  Cell  culture  data 

Human  bronchial  epithelial  (BEAS  2B)  cells 
were  incubated  for  60  min  with  the  LOP  shown 
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Table  3 

Polarized  release  of  AA  from  BEAS  2B  cells  exposed  to  LOP  (percent  change  from  control)  [32] 


Measured  effect 

Ald-C7 

HHP-C9 

PC-Ald 

POPC-Oz 

Apical  A  A  release  (percent  of  control) 

94  ±  1  P  =  NS 

90  ±  1  P  =  NS 

391  ±7P<0.01 

314  ±  7  P<0.01 

Table  4 

The  effects  of  LOP  on  PLC-mediated  IP  accumulation  in  BEAS  2B  cells  (percent  change  from  control)  [32] 


LOP 

PC-HHP 

HHP-C9 

PC-Ald 

POPC-Oz 

IP,  (percent  control) 

145  ±  1  P  <  0.01 

139  ±  1  PCO.Ol 

74  ±  1  P  =  NS 

73  ±  1  P  =  NS 

in  Fig.  3,  at  10  yuM  concentration.  The  media 
from  the  apical  compartments  were  collected  and 
arachidonic  acid  (AA)  release  was  measured. 
The  results  are  shown  in  Table  3  as  percent  of 
control.  There  was  a  significant  increase  in 
[3H]AA  release  after  incubation  with  either  the 
ozonide  of  POPC  (POPC-Oz)  or  the  derived 
aldehyde  (PC-Ald).  Compared  to  control  and  at 
a  concentration  (10  ytzM)  that  is  10-fold  lower 
than  other  reported  effects  of  similar  LOP  [12]. 
Neither  the  Ald-C9  nor  HHP-C9  caused  a  signifi¬ 
cant  release.  Furthermore,  these  results  are  simi¬ 
lar  to  those  we  obtained  during  exposure  to 
ozone  itself  [33].  In  that  study,  BEAS  2B  cells 
were  prelabelled  with  [3H]AA  and  then  stimu¬ 
lated  with  melittin  (2  yug/ml)  and  [3H]AA  re¬ 
lease  occurred  predominantly  into  the  apical 
compartment.  However,  when  the  cells  were 
exposed  to  ozone,  the  predominant  [3H]AA 
release  occurred  in  the  basolateral  compartment. 
Both  the  ozone-induced  and  HHP-C7-induced 
polarized  release  of  [3H]AA  appears  to  be  due 
to  PLA2  activation  since  no  PLC  activation  was 
subsequently  found. 

To  study  the  effects  of  LOP  on  PLC-mediated 
inositol  phosphate  (IP)  accumulation,  BEAS  2B 
cells  were  incubated  with  [3H]myo-inositol  (1 
yuCi/ml)  for  72  h  and  then  exposed  to  LOP  (10 
yttM  each),  using  similar  controls  as  above  (see 
Table  4).  The  LOP  studied  included  PC-Ald, 
HHP-C9,  PC-HHP,  and  POPC-Oz  (see  Fig.  3). 

These  studies  demonstrate  that  LOP  have 
different  effects  on  AA  release  (presumably  due 
to  PL  A  2  activation)  and  IP  accumulation  (due  to 
PLC  activation)  similar  to  what  is  found  during 
ozone  exposure  [25]. 


5.  Membrane  effects  of  LOP 

In  a  liposomal  model  membrane  system,  and 
with  POPC  as  the  lipid,  we  have  found  that 
PLA2  recognizes  and  hydrolyzes  the  POPC-Oz 
with  a  rate  comparable  to  A  A  [31].  This  could 
represent  a  defense  mechanism  against  ozone, 
since  this  process  would  clear  ozonides  from  cell 
membranes.  However,  this  process  also  liberates 
a  fatty  acid  ozonide,  which  may  have  biological 
effects. 

In  the  same  system,  PC-Ald  is  not  recognized 
by  PLA2;  however,  when  PC-Ald  is  incorporated 
into  a  liposomal  membrane,  the  rate  of  hydrol¬ 
ysis  of  unaltered  fatty  acid  PC  by  PLA2  is 
increased.  We  suggest  that  this  results  from  an 
order-disrupting  effect  that  is  produced  when 
damaged  and  more  hydrophilic  LOP  are  incorpo¬ 
rated  into  a  membrane  [31], 
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Abstract 

Because  of  the  impact  that  oxidizing  air  pollutants  such  as  ozone  (03)  may  have  on  public  health,  identification 
of  factors  that  influence  susceptibility  to  exposure  remains  a  critical  issue.  The  role  of  genetic  background  as  a 
susceptibility  factor  is  becoming  increasingly  clear.  In  this  paper,  evidence  is  reviewed  which  suggests  that 
susceptibility  to  03  is  a  heritable  trait  in  humans.  Experimental  studies  are  also  described  that  characterize  the 
mode  of  inheritance  of  03-induced  lung  injury  in  inbred  strains  of  mice.  It  is  suggested  that  future  investigations 
should  strive  to  identify  phenotypic  markers  of  susceptibility  as  a  means  to  identify  individuals  who  are  genetically 
at  risk  for  the  development  of  oxidant-induced  lung  injury. 

Keywords:  Inflammation;  Pulmonary  function;  Epithelial  dysfunction;  Inbred  mice;  Human  subjects,  Asthma 


1.  Introduction 

In  many  industrialized  cities  throughout  the 
world,  oxidizing  air  pollutants  have  become  an 
important  public  health  concern.  Among  these 
oxidants,  03  is  the  most  potent.  Acute  03 
exposures  cause  decrements  in  pulmonary  func¬ 
tion,  alter  ventilation,  induce  inflammation,  and 
may  alter  host  immune  defenses.  It  is  estimated 
that  in  the  United  States  alone,  more  than  50% 
of  the  population  live  in  communities  where 
concentrations  of  03  approach  or  exceed  the 
National  Ambient  Air  Quality  Standard 
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(NAAQS)  of  0.12  parts  per  million  (PPM),  and 
the  number  of  affected  individuals  continues  to 
increase.  The  recent  associations  between  peak 
03  levels  and  hospital  admissions  for  the  elderly 
[1]  as  well  as  exacerbation  of  asthma  [2-5] 
underscore  the  important  detrimental  effects  of 
oxidant  pollutants  on  the  lung. 

Because  of  the  potential  impact  that  exposures 
to  03  and  other  oxidants  may  have  on  public 
health,  identification  of  the  factors  that  deter¬ 
mine  individual  susceptibility  to  the  adverse 
effects  of  exposure  is  critical.  The  United  States 
Clean  Air  Act  of  1970  and  the  Amendments  to 
the  Act  specify  that  the  NAAQS  for  03  and 
other  criteria  pollutants  was  to  be  set  low  enough 
to  protect  all  susceptible  individuals  within  the 
population  [6].  However,  the  determinants  of 
susceptibility  and  the  criteria  for  identification  of 
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a  ‘susceptible’  individual  are  not  clear.  For  dis¬ 
cussion  purposes,  the  determinants  of  suscep¬ 
tibility  may  be  broadly  classified  as  extrinsic  and 
intrinsic  (host),  though  it  is  obvious  that  there 
may  be  interactions  or  inter-dependence  be¬ 
tween  these  categories.  Extrinsic  factors  may 
include  socioeconomic  status,  previous  exposure, 
and  physical  factors  such  as  altitude  and  tem¬ 
perature.  Intrinsic  factors  include  age,  gender, 
pre-existing  disease,  and  genetic  background.  In 
the  remainder  of  this  monograph,  I  shall  review 
studies  that  provide  evidence  for  genetic  suscep¬ 
tibility  to  various  aspects  of  Ck  exposure.  I  begin 
by  describing  the  inter-individual  variation  in 
pulmonary  function  and  inflammatory  responses 
to  controlled  Ck  exposure  in  healthy  human 
subjects  that  serves  as  presumptive  evidence  of 
genetic  predisposition  to  these  effects.  Next,  I 
briefly  describe  a  few  studies  that  have  examined 
the  effect  of  Ck  in  asthmatics,  a  sub-population 
that  may  be  genetically  predisposed  to  the  effects 
of  this  air  pollutant.  I  conclude  with  a  review  of 
animal  modeling  of  genetic  predisposition  to  Ck 
exposure  that  has  begun  to  characterize  the 
mode  of  inheritance  and  potential  mechanisms  of 
pulmonary  responses. 

2.  Genetic  predisposition  to  ozone  exposure  in 
humans 

2.1.  Pulmonary  function 

The  contribution  of  genetic  background  to 
acute  Ck-induced  changes  in  pulmonary  function 
in  humans  has  been  largely  inferred  from  well- 
characterized  within-study  differences  in  individ¬ 
ual  responsivity.  For  example,  McDonnell  and 
colleagues  [7]  found  that,  among  healthy  male 
subjects  exposed  to  0.40  ppm  03,  the  change  in 
forced  expiratory  volume  in  one  second  (FEV, ) 
ranged  from  3  to  48%  and  the  change  in  specific 
airways  resistance  (sRaw)  ranged  from  -20  to 
80%.  These  investigators  later  demonstrated  that 
inter-individual  differences  in  FEV,  were  highly 
reproducible  for  as  long  as  10  months  (when  the 
study  was  completed),  and  they  concluded  that 
the  differences  were  due  primarily  to  intrinsic 


responsiveness  to  Ck  exposure  [8].  Evidence  of 
inter-individual  variation  in  pulmonary  function 
responses  has  subsequently  been  reproduced  by 
other  laboratories.  Aris  et  al.  [9]  described  dis¬ 
tributions  of  pulmonary  function  responses 
(FEV,,  sR.w)  to  0.20  ppm  03  in  healthy  subjects 
that  were  unimodal  and  negatively  skewed,  in¬ 
dicating  that  all  individuals  responded  to  Ck  but 
some  were  more  responsive  than  others.  Wein- 
mann  et  al.  [10]  confirmed  the  unimodal,  skewed 
(gamma)  distribution  of  FEV,  and  forced  vital 
capacity  (FVC)  in  64  subjects  exposed  to  0.35 
ppm  Ck.  They  further  demonstrated  that  inter¬ 
individual  variation  in  the  volume-adjusted 
FEF25_75  response  (a  putative  measure  of  small 
airways  narrowing)  was  explained  by  a  distribu¬ 
tion  that  differed  from  unimodal,  negatively 
skewed  and  suggested  that  small  airways  may  be 
a  significant  component  of  the  functional  re¬ 
sponse  to  03.  Finally,  Linn  et  al.  [11]  and 
Schelegle  et  al.  [12]  have  identified  ‘responders’ 
and  ‘non-responders’  to  acute  Ck  exposure  in 
healthy  volunteers  based  on  changes  in  FEV,. 

2.2.  Inflammation 

Significant  inter-individual  variation  in  inflam¬ 
matory  responses  to  Ck  has  also  been  demon¬ 
strated  in  human  subjects.  Aris  et  al.  [13]  de¬ 
scribed  a  wide  range  of  polymorphonuclear 
leukocyte  (PMN)  counts  in  bronchial  biopsies 
obtained  from  healthy  subjects  18  h  after  a  4-h 
exposure  to  0.20  ppm  Ck.  Analyses  of  lung 
responses  to  03  exposure  by  bronchoalveolar 
lavage  (BAL)  have  also  indicated  inter-subject 
variability.  Koren  et  al.  [14]  reported  that  the  % 
PMNs  recovered  18  h  after  exposure  to  0.4  ppm 
Ck  ranged  from  6.0  to  21.3%  in  11  healthy 
subjects,  and  Seltzer  et  al.  [15]  reported  a  range 
of  1.6-35.2%  PMNs  recovered  3  h  after  a  2-h 
exposure  to  0.4-0.6  ppm  Ck  in  10  subjects.  In 
five  subjects  exposed  to  0.3  ppm  03,  Schelegle  et 
al.  [16]  found  that  the  %  PMNs  from  the  proxim¬ 
al  airways  lavage  ranged  from  8  to  24%  6  h  after 
exposure.  Similar  inter-individual  variation  was 
found  in  PMNs,  fibronectin,  and  interleukin  (IL) 

6  recovered  from  subjects  18  h  after  exposure  to 
0.10  or  0.08  ppm  Ck  [17].  Interestingly,  the 
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studies  by  Schelegle  et  al.  and  Aris  et  al.  failed  to 
demonstrate  a  correlation  between  the  cellular 
inflammatory  infiltration  and  pulmonary  function 
responses  in  03-exposed  subjects.  These  ob¬ 
servations  suggest  that  the  functional  and  cellular 
responses  are  likely  not  co-dependent,  and  that 
they  are  regulated  by  different  genetic  mecha¬ 
nisms. 

Collectively,  these  studies  of  normal  healthy 
human  subjects  provide  strong  evidence  that 
there  is  a  heritable  component  to  the  pulmonary 
function  and  inflammatory  responses  to  03, 
though  they  do  not  exclude  the  possibility  that 
intrinsic  factors  such  as  age  [18]  may  contribute 
to  observed  inter-individual  variation.  To  con¬ 
firm  the  contribution  of  genetic  background  and 
to  begin  to  understand  the  pattern  of  inheritance 
of  03  responsiveness,  studies  designed  to  ex¬ 
amine  03  effects  in  monozygotic  and  dizygotic 
twins  [19]  or  aggregation  of  03  responsiveness  in 
families  are  necessary  steps. 


3.  Ozone  and  asthma 

Sub-populations  that  may  be  genetically  pre¬ 
disposed  to  03  include  asthmatics.  It  is  becoming 
increasingly  clear  that  the  pathogenesis  of  asth¬ 
ma  has  heritable  components  [20],  and  because 
asthmatics  have  heightened  airways  reactivity 
and  lung  inflammation,  it  has  been  suggested  that 
these  individuals  may  be  at  risk  to  the  effects  of 
03.  Clinical  studies  designed  to  study  the  effects 
of  acute  03  exposure  on  airways  reactivity  in 
asthmatics  have  been  equivocal.  Only  the  study 
by  Kreit  et  al.  [21]  has  shown  that  individuals 
with  heightened  airways  reactivity  become  more 
reactive  than  individuals  with  normoreactive 
airways  after  03  exposure.  Others  have  been 
unable  to  demonstrate  that  pre-existing  airway 
hyperreactivity  is  a  risk  factor  for  the  develop¬ 
ment  of  03-induced  hyperreactivity  [22].  The 
discrepancy  between  studies  has  not  been  re¬ 
solved,  but  it  may  be  reasonable  to  suspect  that  it 
is  related  to  variable  etiologies  in  asthmatic  sub¬ 
populations  and/or  genetic  background  (e.g. 
basal  airways  reactivity  or  susceptibility  to  03- 
induced  lung  inflammation  and  injury). 


Two  recent  studies  have  suggested  that  asth¬ 
matics  may  be  more  susceptible  to  03-induced 
airways  inflammation  than  healthy  normals. 
Basha  et  al.  [23]  found  statistically  significant 
increases  in  BAL  concentrations  of  IL-8,  IL-6, 
and  PMNs  in  asthmatics  after  acute  exposure  to 
0.20  ppm  03,  but  not  in  non-asthmatics  after  03. 
There  were  no  03 -induced  changes  in  pulmonary 
function  in  either  group.  Similarly,  McBride  et  al. 
[24]  exposed  asthmatics  and  healthy  normal 
subjects  to  filtered  air  or  0.24  ppm  03  and 
demonstrated  significant  increases  in  PMNs  and 
epithelial  cells  in  nasal  lavage  of  asthmatics  but 
found  no  evidence  of  inflammation  in  normal 
subjects.  These  authors  also  detected  no  03- 
induced  changes  in  pulmonary  function  in  either 
population.  Both  groups  concluded  that  asth¬ 
matics  were  more  sensitive  to  the  acute  inflam¬ 
matory  effects  of  03  exposure  than  non-asth¬ 
matics.  The  dissociation  of  03-induced  inflamma¬ 
tion  and  pulmonary  function  changes  in  asth¬ 
matics  (and  normal  subjects;  see  above)  may 
have  important  implications.  Undetected  small 
airways  inflammation  induced  by  oxidant  expo¬ 
sure  may  lead  to  chronic  injury  and  remodeling 
of  the  lung  and/or  enhance  susceptibility  to 
subsequent  challenge  with  antigen,  virus,  or 
other  air  pollutants. 

4.  Animal  models  of  genetic  predisposition  to 
ozone 

Availability  of  inbred  strains  of  mice  (and 
other  species)  provides  investigators  with  the 
tools  to  understand  the  basis  of  biological  vari¬ 
ability  in  individual  responses  to  environmental 
challenges,  including  airborne  pollutants,  infecti¬ 
ous  agents,  and  allergens.  A  well-designed  study 
with  multiple  strains  will  enable  sampling  of  a 
wide  range  of  phenotypic  variation  within  the 
test  species,  indicate  the  relative  contributions  of 
genetic  background  and  environment  to  the 
response  under  study,  and  is  statistically  power¬ 
ful,  giving  fewer  false  positive  and/or  negative 
results.  Another  strength  of  genetic  animal 
models  is  the  ability  to  test  hypotheses  about 
mechanisms  of  the  response  using  methods  of 
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linkage  analysis,  and  ultimately  to  identify  the 
chromosomal  location(s)  of  the  gene(s)  and  the 
primary  defect  which  leads  to  the  disorder. 
Because  there  is  considerable  homology  between 
human  and  mouse  genomes,  there  is  a  great 
likelihood  that  genetic  susceptibilities  described 
in  the  mouse  will  be  relevant  to  human  popula¬ 
tions. 

4.1.  Inflammation  and  epithelial  dysfunction 

Inter-strain  variation  in  the  inflammatory  ef¬ 
fects  of  03  exposure  have  been  described  in  rats 
and  mice.  Costa  et  al.  [25]  determined  that  two 
inbred  strains  of  rats  were  differentially  suscep¬ 
tible  to  the  edemagenic  properties  of  acute  03 
exposure,  suggesting  a  role  for  genetic  back¬ 
ground  in  this  response.  Goldstein  et  al.  [26] 
demonstrated  inter-strain  differences  in  the  leth¬ 
al  effects  of  03  exposure  in  inbred  mice,  and 
they  suggested  that  03  susceptibility  may  have  a 
genetic  basis.  In  a  series  of  studies  with  inbred 
mice,  Kleeberger  and  colleagues  [27-32]  have 
investigated  the  genetic  control  of  susceptibility 
to  lung  inflammation  induced  by  acute,  sub¬ 
acute,  and  chronic  03  exposures.  Initially,  signifi¬ 
cant  inter-strain  differences  in  the  magnitude  of 
PMN  infiltration  and  lung  permeability  were 
characterized  after  a  3-h  exposure  to  2  ppm  03 
[27].  Non-segregant  first  filial  (FJ  and  segregant 
back-cross  (BX)  and  F2  populations  derived 
from  differentially  susceptible  progenitor 
C57BL/6J  (B6)  and  C3H/HeJ  (C3)  mice  were 
then  characterized  (phenotyped)  for  their  inflam¬ 
matory  responsiveness  to  acute  03  exposure. 
The  ratios  of  susceptible  to  resistant  phenotypes 
for  PMN  infiltration  in  these  populations  fit  the 
predictions  for  single  gene  (Mendelian)  inheri¬ 
tance  and  the  chromosomal  locus  Inf  was  desig¬ 
nated  with  at  least  two  alleles:  Inf%  carried  by 
the  susceptible  B6  strain;  Infr ,  carried  by  the 
resistant  C3.  Interestingly,  the  lung  permeability 
response  to  acute  03  exposure  did  not  follow 
Mendelian  inheritance  patterns.  To  determine 
whether  Inf  also  controlled  03 -induced  changes 
in  mouse  tracheal  electrophysiology,  Takahashi 
et  al.  [28]  measured  the  decrement  in  tracheal 
transepithelial  potential  (VT)  6  h  after  acute  03 


exposure  in  six  inbred  strains  as  well  as  B6  and 
C3  mice  and  progeny  derived  from  them.  Al¬ 
though  susceptibility  to  03-induced  change  in  VT 
appeared  to  be  controlled  by  a  single  gene,  lack 
of  concordance  between  the  strains  for  03 -in¬ 
duced  change  in  VT  and  inflammation  suggested 
that  the  genetic  factors  that  determine  the  two 
responses  to  acute  03  exposure  were  not  identi¬ 
cal. 

Similar  experimental  procedures  were  fol¬ 
lowed  to  determine  whether  susceptibility  to 
more  environmentally  relevant  concentrations  of 
03  was  also  controlled  by  the  Inf  locus.  The  B6 
and  C3  strains  were  also  differentially  susceptible 
to  continuous  72-h  (subacute)  exposure  to  0.3 
ppm  03,  and  ratios  of  susceptible  to  resistant 
phenotypes  for  PMN  influx  in  segregant  and 
non-segregant  populations  conformed  to  those 
predicted  for  single  gene  inheritance  [29].  Re¬ 
combinant  inbred  (RI)  strains  of  mice  derived 
from  B6  and  C3  progenitors  were  also 
phenotyped  for  susceptibility  to  acute  and  sub¬ 
acute  exposures  and  the  strain  distribution  pat¬ 
terns  (SDP)  were  compared  for  concordance. 
The  presence  of  discordant  cross-over 
phenotypes  (i.e.  those  RIs  that  were  susceptible 
to  one  exposure  and  resistant  to  the  other) 
demonstrated  that  different  genes  regulated  sus¬ 
ceptibilities  to  the  two  exposures.  Consequently, 
the  Inf-2  locus  was  designated  for  susceptibility 
to  sub-acute  03  exposures  [30].  Further,  some  of 
the  RIs  were  more  susceptible  (i.e.  hypersuscept- 
ible)  to  acute  and  sub-acute  03  exposures  than 
the  B6  progenitor  [30].  The  presence  of  another 
distinct  phenotype  in  the  RI  set  indicated  that 
another  minor  modifying  gene(s)  contributed  to 
the  inflammatory  response  to  each  exposure.  We 
are  currently  attempting  to  determine  whether 
Inf  or  Inf-2  regulate  inflammatory  and  epithelial 
cell  responses  to  chronic  exposures  to  03,  or 
whether  other  genes  control  susceptibility.  B6 
and  C3  mice  and  their  progeny  have  been  ex¬ 
posed  to  0.30  ppm  for  8  h,  five  times /week,  for 
up  to  6  months;  between  8-h  exposures,  mice 
were  exposed  to  background  0.06  ppm  03.  As 
with  acute  and  sub-acute  exposures,  B6  mice  had 
significantly  greater  lung  injury  than  C3  mice 
after  chronic  03  exposure  [31].  Preliminary  re- 
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suits  suggest  that  susceptibility  to  lung  injury 
induced  by  chronic  03  exposure  is  a  quantitative 
trait  in  these  mice  [31]. 

4.2.  Airway  reactivity 

As  03  is  also  known  to  induce  airways  hy¬ 
perreactivity  in  human  subjects  [15],  individuals 
with  chronic  inflammation  and  hyperreactive 
airways  are  considered  to  be  at  risk  to  the  effects 
of  oxidant  exposures  [23,24].  To  establish 
whether  inherent  airways  hyperreactivity  is  a  risk 
factor  for  the  development  of  03 -induced  lung 
injury,  Zhang  et  al.  [32]  measured  the  change  in 
airways  reactivity  following  acute  03  exposure  in 
seven  inbred  strains  of  mice  with  genetically- 
determined  differences  in  basal  reactivity  to 
acetylcholine  (ACh).  These  investigators  found 
that,  while  some  strains  of  mice  that  were  base¬ 
line  hyperreactive  to  ACh  also  developed  03- 
induced  hyperreactivity,  others  were  not  affect¬ 
ed.  Similarly,  among  base-line  hyporeactive 
strains,  some  developed  03-induced  hyperreac¬ 
tivity  while  others  did  not.  Interestingly,  there 
was  complete  concordance  between  03-induced 
hyperreactivity  and  susceptibility  to  03 -induced 
airways  injury,  suggesting  that  there  may  be 
common  mechanisms  that  contribute  to  the 
pathogenesis  of  these  events. 

These  studies  have  demonstrated  the  utility  of 
inbred  strains  and  genetic  models  for  the  analysis 
of  pathophysiologic  processes  in  the  lung,  such  as 
those  induced  by  air  pollutants.  The  next  step  in 
the  development  of  these  models  is  to  determine 
precise  chromosomal  locations  of  Inf ‘  Inf-2,  and 
other  associated  loci.  Identification  of  chromo¬ 
somal  map  assignment(s)  affords  the  search  for  a 
candidate  gene  that  accounts  for  the  genetic 
control  of  03  susceptibility  in  the  mouse  and 
human.  One  of  the  goals  of  these  studies  is  to 
determine  linkage  associations  of  susceptibility 
to  the  effects  of  03  exposure  with  easily  iden¬ 
tified  phenotypic  markers  that  are  homologous  in 
the  mouse  and  human.  A  phenotypic  marker 
would  thus  provide  a  means  to  identify  indi¬ 
viduals  who  are  at  risk  to  the  development  of 
oxidant-induced  lung  injury. 
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Abstract 

The  toxicity  and  carcinogenicity  of  ozone  was  evaluated  in  Fischer  344 /N  rats  and  B6C3F1  mice  exposed  to  0, 
0.12  (2  years  only),  0.5  or  1.0  ppm  ozone  by  inhalation  for  2-year  and  lifetime  exposures.  A  2-year  cocarcinogenicity 
study  (male  rats  only)  included  the  subcutaneous  administration  of  0,  0.1  or  1.0  mg/ kg/body  wt.  of  4-(iV-methyl-/V- 
nitrosamino)-l-(3-pyridyl)-l-butanone  (NNK)  for  the  first  20  weeks  along  with  inhalation  exposure  to  0  or  0.5  ppm 
ozone  followed  by  additional  84  weeks  of  ozone  exposure  alone.  Ozone  exposure  in  rats  did  not  cause  an  increased 
incidence  of  lung  neoplasms.  In  the  cocarcinogenicity  study,  ozone  exposure  did  not  have  an  additive  carcinogenic 
effect.  Lifetime  and  2-year  ozone  exposure  was  associated  with  a  marginal  increase  in  lung  tumors  in  male  B6C3F1 
mice  and  a  more  pronounced  increase  in  females.  Unique  mutations  in  the  K-ras  gene  were  found  in  the  mouse 
lung  neoplasms  from  the  ozone-exposed  mice. 

Keywords:  Ozone;  Toxicity;  Carcinogenicity;  Bioassay;  Lung;  Neoplasia 


1.  Introduction 

Ozone  remains  one  of  the  3  most  important  air 
pollutants  worldwide  [1],  yet  the  potential  long¬ 
term  toxicity  and  carcinogenicity  in  rodents  is  not 
clear.  Ozone  has  been  found  to  either  enhance  or 
inhibit  the  development  of  pulmonary  neoplasms 
in  the  mouse  [2].  Ozone  is  mutagenic  [3]  and  has 
carcinogenic  potential  in  rodents,  since  it  causes 
DNA  damage  caused  by  oxidative  stress  from 
hydroxyl  radicals,  superoxide,  singlet  oxygen, 
and  hydrogen  peroxide.  The  State  of  California 
and  the  Health  Effects  Institute  (HEI)  nomi- 
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nated  ozone  to  the  National  Toxicology  Program 
(NTP)  for  long-term  studies  in  rats  and  mice  to 
determine  the  potential  toxicity  and  car¬ 
cinogenicity  of  long-term  ozone  exposure.  The 
studies  reported  here  include  exposures  at  the 
current  EPA  standard  (0.12  ppm),  the  maximum 
concentration  considered  to  be  compatible  with 
long-term  survival  (1.0  ppm)  and  an  intermediate 
concentration  (0.5  ppm).  A  second  ozone  inhala¬ 
tion  study  was  included  in  which  0.5-  and  1.0- 
ppm  exposures  were  continued  to  30  months 
based  on  lifetime  studies  in  rats  in  which  the 
majority  of  lung  tumors  developed  after  24 
months  [4].  A  third  study  was  included  in  which 
male  rats  were  administered  2  concentrations  of 
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a  known  pulmonary  carcinogen,  4-(/V-nitroso- 
methylamino)-l-(3-pyridyl)-l-butanone  (NNK) 
[5-7],  and  exposed  to  0.5  ppm  ozone  to  de¬ 
termine  the  cocarcinogenic  potential  of  ozone. 


2.  Materials  and  methods 

Groups  of  50  male  and  50  female  Fischer 
344/N  (F344/N)  rats  and  B6C3F1  mice  were 
exposed  to  0,  0.12,  0.5  and  1.0  ppm  ozone  6 
h/day,  5  days/week  for  2-year  and  0,  0.5  and  1.0 
ppm  ozone  for  lifetime  studies.  In  the  cocar¬ 
cinogenicity  study,  groups  of  50  male  rats  were 
injected  s.c.  with  0,  0.1  and  1.0  mg/kg  NNK 
(greater  than  99%  purity)  in  trioctanoin  (0.1  ml) 
3  times /week  followed  by  ozone  exposure  (0  or 
0.5  ppm)  6  h/day,  5  days /week  for  20  weeks; 
thereafter  to  ozone  exposure  alone  (0  or  0.5 
ppm)  for  84  weeks. 

Male  F344/N  rats  and  B6C3F1  mice  were 
obtained  from  Simonsen  Laboratories  (Gilroy, 
CA)  at  4-5  weeks  of  age.  Animals  were  random¬ 
ly  assigned  to  ozone  exposure  or  control  groups 
after  a  10-14-day  quarantine  period.  Animals 
were  housed  in  modified  Hazelton  2000  inhala¬ 
tion  chambers.  The  lifetime  studies  in  the  rats 
were  terminated  at  124  weeks  with  1  male  and 
approximately  7  females  per  group  remaining, 
whereas  the  lifetime  mouse  studies  were  termi¬ 
nated  at  130  weeks  when  there  was  approximate¬ 
ly  20%  survivors  per  group.  The  rodents  had 
access  to  NIH  07  rodent  chow  (Ziegler  Brothers) 
when  not  in  the  chamber  and  water  was  available 
ad  libitum. 

Exposure  conditions  have  been  reported  in 
detail  [8-10].  Chamber  air  was  filtered  and 
conditioned  prior  to  introduction  to  the  chamber. 
Ozone  was  generated  by  corona  discharge  using 
an  OREC  model  03V5-0  ozonator  and  100% 
oxygen.  There  were  8  ports  per  chamber  and 
each  port  was  sampled  approximately  twice  per 
h.  The  percent  of  samples  within  the  concen¬ 
tration  range  was  89-99%  for  the  various  cham¬ 
bers,  and  the  mean  chamber  concentration  for  all 
chambers  were  generally  within  1%  of  the  target 
range.  The  ozone  concentrations  in  the  control 
chamber  were  less  than  0.002  ppm  (below  level 


of  detection),  0.12  ±  0.01,  0.51  ±  0.02,  and  1.01  ± 
0.05  for  the  2-year  rat  studies  and  0.50  ±  0.03  and 
1.01  ±  0.06  for  the  lifetime  mouse  studies. 

All  animals  found  moribund  or  dead  and  those 
killed  at  terminal  sacrifice  were  subjected  to  a 
complete  necropsy.  Approximately  43  tissues  and 
all  gross  lesions  were  fixed  in  buffered  formalin, 
embedded  in  paraffin,  sectioned,  and  stained 
with  hematoxylin  and  eosin  (H&E)  for  histo- 
pathological  examination.  The  nasal  passage  was 
sectioned  at  (1)  the  level  of  the  incisor  teeth,  (2) 
midway  between  the  incisors  and  the  first  molar 
and  (3)  the  middle  of  the  second  molar  for 
examination.  Sections  of  3  levels  of  larynx  were 
prepared  and  examined  following  the  method  of 
Renne  et  al.  [11]  and  included  the  base  of  the 
epiglottis,  ventral  pouches,  and  vocal  processes. 
An  entire  coronal  (perpendicular  to  the  saggital 
plane  and  parallel  to  the  long  axis  of  the  body) 
section  of  the  right  lobes  and  the  left  lung  lobe 
were  prepared  for  examination.  Lung  lesions 
were  diagnosed  using  standard  morphologic 
criteria  [12]. 

Formalin  fixed  paraffin-embedded  lung 
neoplasms  greater  than  1  mm  diameter  were 
evaluated  by  polymerase  chain  reaction  (PCR)- 
based  assays,  including  single  stranded  conforma¬ 
tion  polymorphism  (SSCP)  and  direct  sequenc¬ 
ing  analysis.  Lung  tumors  from  9  controls  and  26 
female  ozone-exposed  mice  were  examined. 
DNA  from  the  formalin-fixed  paraffin-embedded 
neoplasms  was  isolated.  Using  SSCP,  the  DNA 
was  screened  for  K -ras  mutations  at  exon  1  and 
exon  2.  The  mutations  at  codon  12,  13  and  61 
were  identified  by  direct  sequencing  analysis  [13]. 

3.  Results 

Air  flow  had  to  be  increased  5-fold  from  12  to 
60  air  changes  per  h  to  achieve  chamber  uni¬ 
formity.  At  this  increased  airflow,  the  maximum 
between  -  and  within  -  port  variability  was 
within  5%  for  all  studies.  Additional  details  on 
chamber  concentrations  are  provided  in  the  NTP 
Technical  Report  [10]. 

Ozone  had  no  effect  on  survival  in  either  male 
or  female  rats,  or  male  and  female  mice,  in  either 
the  2-year  or  lifetime  studies  [10].  The  mean 
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body  weights  of  the  0.12-  and  0.5-ppm  male  and 
female  rats  and  mice  were  similar  to  those  of  the 
controls  throughout  the  studies,  whereas  the 
mean  body  weights  of  males  and  females  of  both 
the  F344/N  rats  and  B6C3F1  mice  in  the  1.0-ppm 
group  were  slightly  lower  than  those  in  controls 
in  both  the  lifetime  and  2-year  studies  [10]. 

The  incidences  of  pulmonary  neoplasms  ob¬ 
served  in  the  rat  lung  are  shown  in  Table  L  All 
lesions  were  solitary  except  in  1  male  exposed  to 
1.0  ppm  ozone  for  2  years  which  had  multiple 
alveolar /bronchiolar  adenomas.  Adenomas  were 
papillary  to  glandular,  usually  with  a  uniform 
growth  pattern  that  obliterated  the  underlying 
alveolar  architecture.  Carcinomas  were  more 
nodular,  occasionally  invasive  and  had  more 
pleomorphic  growth  patterns.  The  incidence  of 


neoplasms  did  not  increase  significantly  with 
ozone  exposure  and  those  occurring  in  ozone- 
exposed  rats  were  morphologically  similar  to 
those  in  controls. 

In  the  cocarcinogenicity  study,  there  was  an 
increased  incidence  of  focal  alveolar  hyperplasia 
with  marked  cellular  atypia,  and  alveolar /bron¬ 
chiolar  adenoma  or  carcinoma  (combined)  in  rats 
administered  1.0  mg  /kg  NNK  with  or  without 
exposure  to  ozone  (data  not  shown).  Inhalation 
of  ozone  did  not  affect  the  incidence  of  atypical 
hyperplasia  or  the  incidence  of  pulmonary 
tumors  in  rats  administered  NNK  [10]. 

In  mice,  the  incidence  of  pulmonary  neoplasms 
increased  with  increasing  ozone  exposure  (Table 
2).  In  the  2-year  study,  the  most  prominent 
increased  incidence  was  alveolar /bronchiolar 


Table  1 

Neoplastic  lesions  of  rat  lung  with  2-year  and  lifetime  ozone  exposure 


Cone,  (ppm) 

Male 

Female 

0 

0.12 

0.5 

1.0 

0 

0.12 

0.5 

1.0 

2-year  studies  (N  =  50) 

Al/Br  adenoma 

1 

2 

2 

3 

0 

0 

2 

0 

Al/Br  carcinoma 

1 

1 

1 

1 

0 

0 

0 

0 

Lifetime  studies  (N  =  50) 

0 

a 

0.5 

1.0 

0 

a 

0.5 

1.0 

Al/Br  adenoma 

2 

- 

3 

0 

0 

- 

1 

1 

Al/Br  carcinoma 

0 

- 

1 

0 

1 

- 

1 

0 

a  There  was  no  exposure  group  at  0.12  ppm  for  the  lifetime  study. 

Al/Br,  alveolar/ bronchiolar.  The  number  shows  the  number  of  rats  with  each  tumor  per  exposure  group. 

Table  2 

Neoplastic  lesions  of  mouse 

lung  with  2-year  and  lifetime  ozone  exposure 

Male 

Female 

Cone,  (ppm) 

0 

0.12 

0.5 

1.0 

0 

0.12 

0.5a 

1.0 

2-year  studies 

(N  =  50) 

Al/Br.  adenoma 

6 

9 

12 

11 

4 

5 

5 

8 

Al/Br.  carcinoma 

8 

4 

8 

10 

2 

2 

5 

8 

Adenoma/carcinomab 

14 

13 

18 

19 

6 

7 

9 

16 

Lifetime  studies  (N  —  50) 

0a 

c 

0.5a 

1.0 

0 

C 

0.5a 

1.0 

(N  =  50) 

Al/Br.  adenoma 

8 

- 

8 

9 

3 

- 

3 

11 

Al/Br.  carcinoma 

8 

- 

15 

18 

3 

- 

5 

2 

Adenoma/carcinomab 

16 

- 

22 

21 

6 

- 

8 

12 

a  Only  49  mice  /group. 

b  Combined  tumor  incidence  of  tumor-bearing  animals. 
c  There  was  no  exposure  group  at  0.12  ppm  for  the  lifetime  study. 

Al/Br,  alveolar /bronchiolar.  The  number  shows  the  number  of  mice  with  each  tumor  per  exposure  group. 
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carcinomas  in  female  mice.  The  incidence  of 
alveolar/bronchiolar  adenoma  or  carcinoma 
(combined)  occurred  with  a  significant  positive 
trend  and  the  incidence  in  the  1.0-ppm  females  at 
2  years  was  significantly  increased.  The  incidence 
in  this  group  (16/50,  32%)  exceeded  historical 
controls  (58/659,  9%).  In  the  lifetime  study, 
increased  incidences  of  alveolar/bronchiolar 
adenoma  or  carcinoma  (combined)  occurred  in 
exposed  groups  of  male  and  female  mice  (Table 
2);  the  incidence  of  adenomas  in  the  1.0-ppm 
ozone  group  females  was  significantly  greater 
than  controls.  In  male  mice  there  was  an  in¬ 
creased  multiplicity  of  tumors  (controls,  2;  0.5 
ppm,  5;  1.0  ppm,  4).  When  the  incidence  of 
neoplasms  in  the  2-year  and  lifetime  studies  are 
considered  together,  the  significance  of  the  com¬ 
bined  alveolar/bronchiolar  neoplasms  increases 
[10]. 

Analysis  for  genetic  alterations  in  the  K -ras 
gene  in  the  B6C3F1  mice  revealed  mutations  in 
codon  12,  13,  and  61  in  lung  neoplasms  from 
both  control  and  ozone-exposed  female  mice 
[13].  Mutations  in  the  K -ras  gene  were  found  in 
3/9  (33%)  lung  neoplasms  from  control  and  19/ 
26  (73%)  lung  neoplasms  of  the  ozone-exposed 
animals.  Several  mutations  appeared  in  the 
ozone-exposed  animals;  10  tumors  contained 
activated  K -ras  at  codon  12  including  GGT  — > 
GTT,  GGT  GAT  and  GGT  TGT;  1 
tumor  at  codon  13  GGC  -»  GAC;  and  8  tumors 
at  codon  61  CAA  — >  CTA.  In  the  ozone  control 
mice  the  mutations  were  only  at  codon  12  and 
13.  In  control  mouse  lung  neoplasms  from  other 
studies  at  our  institute,  7/66  neoplasms  con¬ 
tained  activated  K -ras  with  mutations  at  codon 
61;  however  none  had  CTA  mutations.  There 
was  no  association  between  the  presence  of 
activated  K -ras  or  specific  mutations  and  the  size 
or  morphology  of  the  lung  neoplasms. 

4.  Discussion 

This  purpose  of  this  study  was  to  determine 
whether  long-term  ozone  exposure  would  in¬ 
crease  cancer  incidences  in  rats  or  mice.  We  also 
evaluated  whether  ozone  could  act  as  a  cocar¬ 
cinogen.  Ozone  is  the  major  component  in 


photochemical  smog,  and  there  was  a  lack  of 
long-term  animal  studies  to  evaluate  this  po¬ 
tential  human  hazard.  Our  rodent  studies  in¬ 
cluded  2-year  and  lifetime  studies  in  rats  and 
mice  and  a  cocarcinogenicity  study  in  male  rats. 
The  4-6%  lower  body  weight  in  the  1.0-ppm 
exposure  groups  for  both  rats  and  mice,  and  the 
nearly  100%  incidence  of  pulmonary  toxicity 
lesions  suggest  that  a  maximum  concentration 
was  reached  in  these  studies.  Ozone  concen¬ 
trations  of  2.0-4.0  ppm  are  lethal  to  rodents  or 
cause  significant  pulmonary  edema  [14],  and  thus 
concentrations  greater  than  1.0  ppm  may  not 
have  been  tolerated.  The  lifetime  study  was 
terminated  at  123  weeks  in  rats,  when  all  male 
rats  except  1  had  died,  and  only  a  few  female  rats 
remained.  In  the  lifetime  mouse  study,  the  termi¬ 
nation  was  at  130  weeks  with  about  20%  survival 
in  each  group.  The  toxicity  data  from  this  study 
suggests  that  in  these  rodent  strains  neither 
greater  ozone  concentrations  nor  longer  expo¬ 
sure  periods  are  feasible. 

There  have  been  few  studies  that  examined  the 
potential  carcinogenicity  of  ozone.  In  a  13-month 
study,  Ichinose  and  Sagai  [15]  reported  no  in¬ 
crease  in  lung  neoplasms  in  Wistar  rats  exposed 
to  0.05  ppm  ozone.  In  the  current  rat  study,  there 
was  no  evidence  of  an  increase  in  pulmonary  or 
nasal  neoplasms  in  either  male  or  female  rats 
exposed  to  ozone  for  2  years  or  for  the  life  of  the 
animal.  There  was  also  no  evidence  that  ozone 
enhanced  a  known  pulmonary  carcinogen,  NNK, 
suggesting  that  there  is  no  evidence  of  car¬ 
cinogenic  activity  of  ozone  in  male  or  female 
F344/N  rats  exposed  to  0.12,  0.5  or  1.0  ppm 
ozone  in  lifetime  exposures. 

The  data  from  mice  studies  are  less  clear  [2]. 
Hassett  et  al.  [16]  reported  a  slight  increase  in 
pulmonary  adenomas  seen  grossly  in  a  limited 
number  of  A/J  mice  following  exposure  to  0.31 
and  0.5  ppm  ozone  alone.  Swiss  Webster  mice 
exposed  to  0.4  and  0.8  ppm  ozone  for  18  weeks 
had  no  increase  in  pulmonary  neoplasms  [17]. 
However,  we  observed  an  increase  in  pulmonary 
neoplasms  in  B6C3F1  mice  in  both  2-year  and 
130-week  studies  [10].  In  humans,  there  is  no 
conclusive  link  between  ozone  exposure  and 
pulmonary  cancer  [18].  In  a  cocarcinogenicity 
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study  in  mice,  Hassett  et  al.  [16]  reported  no 
increase  in  pulmonary  adenomas  in  A/J  mice 
treated  with  urethane  followed  by  exposure  to 
0.31  and  0.5  ppm  ozone. 

While  the  rat  studies  were  negative  for  car¬ 
cinogenicity,  the  mice  consistently  showed  an 
increase  in  lung  neoplasms,  but  in  many  cases, 
the  results  were  marginal.  For  example,  in  the 
male  mice  in  the  2-year  study,  the  combined 
alveolar/bronchiolar  adenoma  or  carcinoma  inci¬ 
dence  was  significantly  increased,  while  in  the 
lifetime  study  the  incidence  was  increased  but 
not  significantly.  In  general,  with  longer  exposure 
to  a  carcinogenic  agent,  the  effect  is  more  pro¬ 
nounced.  In  female  mice,  the  same  effect  as  in 
males,  a  significant  increase  in  pulmonary  cancer 
at  2  years  but  not  with  lifetime  exposure  was 
seen.  In  support  of  a  carcinogenic  effect,  the 
multiplicity  of  neoplasms  was  increased,  but  only 
for  male  mice  in  both  studies.  When  the  inci¬ 
dence  of  lung  neoplasms  in  both  the  2-year  and 
lifetime  studies  was  combined,  there  was  a  sig¬ 
nificant  increase  in  alveolar/bronchiolar 
adenoma  or  carcinoma  for  both  male  and  female 
mice.  The  increasing  trend  for  neoplasms  in  both 
male  and  female  mice  and  in  both  the  2-year  and 
lifetime  studies  are  consistent  with  ozone  expo¬ 
sure  enhancing  the  incidence  of  pulmonary 
neoplasms  in  mice. 

It  is  important  to  determine  whether  ozone  is 
inducing  unique  lesions  or  simply  promoting  the 
spontaneous  lung  neoplasms.  Mutation  spectra  in 
codon  12,  13  and  61  of  the  K -ras  gene  in  ozone- 
induced  neoplasms  were  similar  to  those  of 
spontaneous  lung  neoplasms  [19].  A  higher  fre¬ 
quency  of  K -ras  mutations,  however,  were  ob¬ 
served  in  the  neoplasms  from  ozone-exposed 
mice  (73%)  as  compared  to  lung  neoplasms  from 
this  study  controls  (33%)  or  spontaneous 
neoplasms  from  several  studies  at  our  institute 
(32%).  The  unique  A-*T  transversions  in  the 
second  base  of  codon  61  accounted  for  42%  of 
the  point  mutations  in  the  lung  tumors.  We  have 
not  seen  this  mutation  in  spontaneous  lung 
tumors  in  the  B6C3F1  mouse.  This  suggests  that 
the  CTA  mutational  defects  in  the  lung  tumors 
are  most  likely  related  to  ozone  exposure.  Ozone 
remains  an  important  air  pollutant  worldwide  [1], 


and  it  is  important  to  understand  the  molecular 
events  that  underlie  the  pathology  of  ozone 
toxicity.  These  studies  showing  increased  car¬ 
cinogenic  activity  of  ozone  in  B6C3F1  mice  with 
unique  molecular  lesions  suggest  that  the  po¬ 
tential  carcinogenicity  of  ozone  deserves  further 
study. 
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Abstract 

Exercising  volunteers  exposed  in  chambers  to  as  little  as  80  ppb  03  for  several  hours  exhibit  impaired  lung 
function  and  irritative  lower  airway  symptoms.  Comparable  changes  occur  among  children  and  young  adults 
exposed  to  summer  smog  containing  Ov  Intensity  of  the  response  is  reproducible  but  varies  widely  among 
individuals.  The  (reversible)  decrements  in  vital  capacity  are  due  to  involuntary  inhibition  of  deep  inspiration 
probably  mediated  by  nociceptive  bronchial  C-fibers  that  may  be  stimulated  by  local  prostaglandin  release,  and  can 
be  modulated  by  appropriate  pharmacologic  agents.  A  second  characteristic  response  to  low  03  levels  is  mucosal 
neutrophilic  inflammation  probably  mediated  by  phospholipid-derived  products  and  by  epithelial  cell-derived 
chemokines  and  cytokines,  but  poorly  correlated  with  lung  function  changes.  Fluctuations  in  ambient  03  levels  are 
associated  with  acute  respiratory  health  effects  in  exposed  populations  but  concomitant  acid  aerosol  pollution  is  an 
important  confounder.  Whether  irreversible  impairment  of  lung  function  occurs  among  residents  of  chronically  high 
ozone-pollution  areas  is  debated. 

Keywords:  Ozone;  Lung  inflammation;  Bronchial  C-fibers;  Lung  function;  Respiratory  health  effects 


Ozone  (03)  is  a  secondary  air  pollutant,  being 
formed  in  the  troposphere  from  primary  pre¬ 
cursor  pollutants  (e.g.  in  motor  vehicle  engine 
exhaust)  such  as  NOv  and  hydrocarbons.  In  the 
presence  of  light  N02  is  cleaved  to  NO  •  +  O  • 
and  allows  formation  of  03  (02  +  O  • ).  By 
reconversion  of  NO  •  to  NO  2  in  complex  reac¬ 
tions  involving  the  hydrocarbons,  and  photo- 
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chemical  recycling  of  the  N02,  03  accumulates 
in  ambient  air  and  may  reach  levels  as  high  as 
0.3-0.4  ppm  in  an  urban  basin  with  heavy  vehicu¬ 
lar  traffic  and  adequate  sunlight.  In  the  USA, 
Los  Angeles  is  the  prototypical  area  for  03 
pollution  and  its  residents  had  complained  of 
respiratory  and  ocular  irritation  during  summer 
smog  episodes  for  years  prior  to  the  public 
pressure  and  congressional  hearings  that  led  to 
enactment  of  the  Clear  Air  Act. 

Consistent  with  this  atmospheric  precursor- 
product  relationship,  ozone  accumulation  in  Los 
Angeles  ambient  air  appeared  to  lag  the  morning 
rush  hour  traffic  by  a  couple  of  hours,  thus 
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producing  a  midday  concentration  peak.  This 
observation  led  to  design  of  experimental  03 
exposure  protocols  that  were  of  relatively  short 
duration  and  often  to  levels  of  0.3-0.4  ppm.  It 
has  become  clear  more  recently,  however,  that 
atmospheric  03  transport  to  periurban  areas 
occurs  and  that  ambient  summertime  ozone 
levels  may  remain  elevated  for  many  hours  over 
large  and  populous  areas  such  as  the  northeast¬ 
ern  USA.  Thus,  more  recent  studies  have  used 
multi-hour  exposures  to  relatively  low  levels  of 
03  (0.08-0.16  ppm)  in  an  effort  to  mimic  these 
exposure  conditions.  In  all  cases,  the  use  of 
increased  ventilation  (exercise)  allows  demon¬ 
stration  of  effects  at  much  lower  03  levels  than 
would  otherwise  be  the  case. 

Ozone,  of  course,  is  a  gas  and  does  not  impair 
visibility.  Its  presence  in  ambient  air,  however,  is 
almost  invariably  associated  with  particulate  air 
pollution,  some  of  which  is  directly  related  to  the 
presence  of  ozone  i.e.  oxidative  generation  of 
aerosols  of  sulfate  and  nitrate  salts  from  S02  and 
N02,  respectively.  The  sulfate  may  include 
H2S04,  bisulfates,  or  fully  neutralized  salts.  Thus 
the  health  effects  of  exposure  to  03-containing 
smog  may  not  be  uniquely  attributable  to  the  03 
component,  and  this  has  emerged  as  a  problem 
in  the  interpretation  of  studies  of  respiratory 
health  of  populations  residing  in  regions  with 
episodes  of  summertime  oxidant  smog. 

With  this  prelude,  let  us  return  to  controlled 
experimental  exposures  of  volunteers  to  03  that 
demonstrate  a  variety  of  acute  and  subacute 
reversible  effects  on  the  respiratory  tract.  From 
such  exposures,  one  can  calculate  that  the  mini¬ 
mum  dose  of  03  required  to  produce  detectable 
effects  on  the  respiratory  system  is  of  the  order 
of  0,5  mg  (10  yumol).  Considering  the  large 
surface  of  distribution,  we  see  that  03  is  a  potent 
toxicant  and  that  its  effects  may  involve  amplifi¬ 
cation  mechanisms. 

In  human  ozone  toxicology2,  the  ‘classical’ 
effect  of  exposure  of  healthy  volunteers  is  a  loss 
of  ability  to  take  in  a  deep  breath,  accompanied 


'  In  this  paper  no  consideration  will  be  given  to  ozone- 
induced  changes  in  DNA,  mutagenesis,  genotoxicity  or  car¬ 
cinogenicity. 


by  symptoms  of  substernal  (tracheal)  irritation 
and  cough  which  are  enhanced  by  attempted 
deep  inspiration.  This  finding  is  quantified  as  a 
decrease  in  forced  vital  capacity  (FVC)  and  in 
the  forced  expiratory  volume  in  1  s  (FEV,). 
After  cessation  of  exposure,  the  signs  and  symp¬ 
toms  regress  with  a  half-time  of  1-2  h.  The  lung 
function  of  subjects  with  severe  acute  responses, 
however,  may  still  be  slightly  below  baseline  at 
24  h. 

Individual  responses  to  a  given  exposure 
protocol  vary  widely,  but  there  are  few  known 
characteristics  that  predict  responsiveness  [1]. 
Vigorous  responders  are  more  prevalent  among 
non-smoking  adolescents  and  young  adults  than 
among  older  individuals,  but  no  long-term  longi¬ 
tudinal  studies  of  the  effect  of  aging  are  avail¬ 
able.  However,  once  an  individual  subject’s  de¬ 
gree  of  responsiveness  to  a  particular  exposure 
has  been  characterized,  it  is  highly  reproducible 
(at  least  in  the  short  term)  [2],  and  individual 
exposure  concentration-response  curves  are  also 
typically  monotonic.  This  suggests  a  possible  role 
for  genetic  factors  which  is  currently  under  study 
in  monozygotic  and  dizygotic  twins.  As  discussed 
below,  these  responses  can  be  blunted  or  even 
abolished  by  certain  pharmacologic  agents  and 
by  consecutive  daily  exposures. 

The  03-induced  decrease  in  vital  capacity  is 
almost  entirely  due  to  decreased  inspiratory 
capacity.  This  is  not  attributable  either  to  grossly 
increased  lung  elastic  recoil  or  to  inspiratory 
muscle  weakness,  and  we  have  proposed 
neurally-mediated  involuntary  inhibition  of  inspi¬ 
ration  as  the  mechanism  [3]. 

Recent  studies  of  canine  bronchial  C-fibers  in 
the  vagus  nerve  [4,5]  have  demonstrated  rapid 
onset  and  persistently  increased  firing  rate  of 
these  neurons  during  exposure  to  2-3  ppm  03. 
Bronchial  C-fibers  are  nociceptive  unmyelinated 
sensory  fibers  that  in  addition  to  their  central 
inputs  also  subserve  local  motor  functions.  Tach¬ 
ykinin  peptides  such  as  substance  P  (SP)  are 
released  from  the  nerve  endings  when  stimulated 
and  the  arborized  nerve  functions  antidromically 
to  widen  the  field  of  the  effects  and  the  variety  of 
responding  cells  and  structures  in  the  airway  wall 
(mediated  by  neurokinin  receptors).  Hazbun  et 
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al.  [6]  have  reported  increased  SP  levels  in 
proximal  lower  airways  surface  liquid  following 
03  exposure  of  volunteers. 

Bronchial  C-fibers  are  stimulated  by  a  variety 
of  mediators  such  as  prostaglandin  E2  (PGE2) 
and  bradykinin  (BK).  Since  PGE2  is  known  to 
be  greatly  increased  in  airways  surface  liquid 
(sampled  by  bronchoscopy)  after  03  exposure 
[7],  this  mediator  could  participate  in  bronchial 
C-fiber  activation.  Indeed,  pretreatment  with 
pharmacologic  inhibitors  of  cyclooxygenase 
causes  significant  blunting  of  the  03 -induced 
decrements  in  lung  function  [8,9]. 

Recently,  we  have  studied  the  effect  of  i.v. 
injection  of  the  potent  opioid  receptor  agonist, 
sufentanyl,  immediately  after  an  ozone  exposure 
of  normal  volunteers  that  produced  substantial 
decrements  of  lung  function.  We  observed  a 
rapid  return  of  FVC  and  FEV}  almost  to  baseline 
accompanied  by  relief  of  symptoms.  (The  injec¬ 
tion  of  saline  placebo  did  not  alter  03 -induced 
spirometric  decrements.)  We  also  studied  sub¬ 
jects  who  had  little  or  no  response  to  ozone. 
Injection  of  the  opioid  receptor  antagonist, 
naloxone,  in  such  subjects  failed  to  provoke 
appearance  of  symptoms  or  of  spirometric  decre¬ 
ments.  (Saline  placebo  was  likewise  without 
effect.)  These  findings  support  the  hypothesis 
that  the  spirometric  decrements  and  airway 
symptoms  produced  by  03  inhalation  are  me¬ 
diated  by  nociceptive  sensory  neural  pathways 
whose  function  is  down-regulated  by  opioid 
agonists.  Endogenous  endorphins,  however,  do 
not  appear  to  be  modulating  responses  to  03 
exposure. 

In  addition  to  impaired  inspiratory  capacity 
other  characteristic  03  exposure  effects  (also 
seen  in  experimental  animals)  include  decreased 
tidal  volume  (VT)  and  increased  respiratory 
frequency  (/R).  The  03 -induced  alteration  in 
respiratory  pattern  is  readily  demonstrable  dur¬ 
ing  exercise  in  humans  and  correlates  with  the 
severity  of  the  lung  function  decrement.  This, 
too,  may  be  mediated  by  bronchial  C-fibers 
(polymodal  nociceptors),  but  also  by  irritant 
receptors  -  either  stimulated  ‘directly’  by  prod¬ 
ucts  of  03  metabolism,  or  indirectly  by  local 
tachykinin  release.  A  recent  abstract  [10]  reports 


that  rats  treated  neonatally  with  capsaicin,  so  as 
to  chemically  ablate  the  C-fiber  system,  failed  to 
develop  |  VT  or  |  fR  during  subsequent  03 
exposure. 

Decrements  in  lung  function  also  occur  in 
spontaneous  exposures  to  ambient  03,  among 
children  playing  actively  in  summer  camps  [11] 
and  in  adult  joggers  [12]  (even  at  levels  lower 
than  0.12  ppm),  and  in  competitive  cyclists  [13]. 
The  observed  decrements  in  lung  function  seem 
to  be  consistent  with  the  ozone  concentration- 
response  relations  established  in  the  controlled 
exposure  studies. 

These  respiratory  effects  have  been  inter¬ 
preted  as  adverse  health  effects  and  have  been 
an  important  element  in  the  health  risk  assess¬ 
ment  evaluation  used  by  U.S.  EPA  to  support  a 
primary  national  ambient  air  quality  standard 
(NAAQS)  of  0.12  ppm  03  (1-h  average)  which 
may  be  exceeded  only  1  day  per  year.  Clearly  the 
existing  NAAQS  level  for  ozone  provides  little 
‘margin  of  safety’  for  young  adults  and  children 
in  terms  of  the  acute  effects  just  discussed. 
Whether  these  effects  are  sufficiently  severe, 
however,  to  justify  limiting  exceedances  to  one- 
time-per-year  could  be  debated. 

Because  prolonged  exposures  (with  exercise- 
induced  increased  ventilation)  to  as  little  as  0.08 
ppm  03  cause  decreased  lung  function,  and 
because  summertime  ambient  air  03  levels  com¬ 
monly  fluctuate  within  the  0.08-0.12  ppm  range 
for  many  hours,  there  has  been  sentiment  in 
favor  of  an  additional  ozone  NAAQS  at  a 
concentration  lower  than  0.12  ppm,  but  averaged 
over  a  multi-hour  time  period. 

A  surprising  feature  of  the  acute  response  to 
ozone  is  that  there  is  relatively  little  bronchocon- 
striction  of  the  larger  airways  as  judged  by 
changes  in  airflow  resistance  (Raw  or  SRavv), 
despite  a  modest  post-03  increase  in  bronchial 
reactivity  to  drugs  like  histamine  or  methach- 
oline.  The  increases  in  SRaw  that  do  occur  after 
03  exposure  correlate  poorly  with  spirometric 
decrements  [14].  They  can  be  prevented  by 
atropine  pretreatment  (suggesting  a  reflex 
cholinergic  motor  effect  on  airways  smooth  mus¬ 
cle),  or  reversed  by  beta-adrenergic  agonist  inha¬ 
lation,  neither  of  which  affect  the  ozone-induced 
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decrement  of  vital  capacity  [15].  Even  asthmatic 
subjects  do  not  develop  exceptional  bronchocon- 
striction  during  exposure  to  ozone  (in  marked 
contrast  to  their  sensitivity  to  brief  SCL  expo¬ 
sure). 

Nevertheless,  there  is  reason  to  suspect  the 
existence  of  ozone  effects  on  small  airways 
caliber:  (1)  FEVt  decrements  often  exceed  FVC 
decrements  -  a  finding  which  should  not  occur 
simply  due  to  a  decrease  of  inspiratory  capacity; 
(2)  Iso-volume  maximum  expiratory  flow  ap¬ 
pears  to  be  decreased,  and  these  changes  are 
reported  to  persist  for  many  hours  despite  post¬ 
exposure  return  of  FVC  and  FEVj  toward  (or  to) 
baseline  [16];  (3)  There  appears  to  be  a  very 
small  (but  significant)  increase  in  residual  vol¬ 
ume  (RV)  which  suggests  premature  closure  of 
small  airways  near  end-expiration  [3];  (4)  Other 
more  complex  physiologic  tests  also  suggest  mild 
disturbance  in  distribution  of  ventilation  [17];  (5) 
Small  airways  are  predicted  by  dosimetric  models 
to  receive  the  highest  dose  of  CL  per  cm2  surface 
[18],  and  are  a  vulnerable  zone  in  animals  acutely 
or  chronically  exposed  to  ozone. 

Impairment  of  small  airways  function  is  of 
particular  concern  since  inflammation  and  re¬ 
modeling  in  this  area  can  produce  chronic  ob¬ 
structive  lung  disease.  This  concern  has  been 
enhanced  by  the  results  of  investigative  bron¬ 
choscopy  applied  to  ozone-exposed  volunteers. 

Bronchoscopy-associated  procedures  such  as 
bronchoalveolar  lavage  (BAL)  and  airways 
mucosal  biopsy  have  established  that  exposures 
to  ozone  identical  to  those  that  provoke  acute 
lung  function  decrements  cause  neutrophilic 
(PMN)  inflammation  of  the  submucosa  and  sur¬ 
faces  of  the  airways  [19-22].  As  with  the  lung 
function  decrements,  there  is  considerable  inter¬ 
individual  variability  in  the  inflammatory  re¬ 
sponse  to  ozone.  The  two  types  of  effects,  how¬ 
ever,  are  not  positively  correlated  within  indi¬ 
viduals.  Indeed,  they  may  reflect  events  occurring 
in  different  regions  (large  airways  vs.  more  distal 
airways)  and  involve  different  mechanisms. 

The  time  course  of  the  inflammatory  response 
is  more  complex  than  that  of  the  spirometric 
response,  and  has  not  been  as  well  defined  [7,23]. 
Neutrophils  appear  by  1  h  after  termination  of 
exposure,  may  peak  at  ~6  h  and  persist  for  at 


least  18  h.  Clearly  there  must  be  early  pro- 
inflammatory  events  to  provide  the  chemokine 
gradients  and  mediators  that  direct  the  adhesion 
of  neutrophils  to  the  airways  microvasculature 
and  their  subsequent  migration  into  and  across 
the  epithelium  onto  the  airways  surface  where 
they  are  accessible  to  lavage.  In  vitro  studies  of 
cultured  cell  models  of  airways  epithelium  indi¬ 
cate  that  sublethal  levels  of  ozone  exposure 
upregulate  cellular  production  and  export  of 
neutrophil  attractants  such  as  alpha-chemokines 
(IL-8,  GRO)  and  platelet  activating  factor  (PAF) 
[24,25].  In  vivo  biopsy  studies  show  upregulation 
of  ICAM-1  expression  on  the  endothelial  cells  of 
bronchial  submucosal  capillaries  (R.  Aris,  per¬ 
sonal  communication).  Increased  neutrophil 
adherence  to  cultured  human  bronchial  epi¬ 
thelial-derived  cell  lines  following  CL  exposure 
has  been  demonstrated,  and  (in  part)  involves 
interaction  of  epithelial  ICAM-1  with  the 
CDllb/CD18  (/32  integrin)  complex  on  the  neu¬ 
trophil  surface  (W.  Reed,  personal  communica¬ 
tion). 

Ozone  exposure  of  cells  in  culture  causes 
release  of  arachidonate  from  cell  membrane 
phospholipids.  Both  increased  phospholipase  A2 
activity  and  impairment  of  enzymatic  reincorpo¬ 
ration  of  arachidonate  into  lyso-phospholipid 
appear  to  be  involved  [26].  During  exposure,  free 
arachidonate  may  be  directly  attacked  by  ozone 
to  form  a  variety  of  shorter  chain  aldehydes  that 
have  pro-inflammatory  activity  [27].  Likewise, 
the  bound  sn-2  arachidonyl  residue  of  intact 
phospholipids  of  the  sn-1  alkyl  type  may  be 
attacked  by  CL  to  form  shorter  chain  sn-2  acyl 
derivatives  that  mimic  PAF  [28]. 

Increased  arachidonate  metabolism  in  cultured 
cells  persists  after  CL  exposure  [29].  Increased 
PGE2  and  TxB2  are  demonstrable  by  immuno¬ 
assay  in  human  BAL  fluid  obtained  1-2  h  after 
CL  exposure  and  these  levels  decline  with  time 
[7].  The  formation  of  these  products  in  03 -ex¬ 
posed  subjects  is  inhibited  by  pretreatment  with 
the  cyclooxygenase  inhibitor,  ibuprofen,  but  this 
failed  to  reduce  the  degree  of  neutrophilia  in 
bronchoalveolar  lavage  although  the  lung  func¬ 
tion  decrements  induced  by  the  CL  exposure 
were  significantly  blunted  [9]. 

The  upregulation  of  alpha-chemokine  (Cys-X- 
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Cys  structural  motif)  production  by  Os  exposure 
suggests  that,  as  has  been  described  for  H202 
and  other  oxidants  [30],  this  form  of  oxidant 
stress  may  activate  NF-xB  and  perhaps  other 
transcriptional  regulators  that  enter  the  nucleus 
and  cooperate  to  enhance  transcription  of  genes 
with  upstream  NF-/cB  response  elements  [31]. 
These  include  alpha  (but  not  beta)  chemokines 
as  well  as  IL-6.  High  levels  of  IL-6  are  found  in 
BAL  fluid  soon  after  03  exposure  and  the  levels 
decline  with  time  [7].  Viable  airway  epithelial 
cells  are  probably  the  principal  source  of  these 
chemokines,  cytokines  and  eicosanoids. 

Whether,  and  under  what  circumstances,  this 
acute  neutrophilic  airways  inflammation  is  ca¬ 
pable  of  damaging  the  airways  epithelium  (or 
other  elements)  is  not  established.  Ozone  expo¬ 
sure  impairs  the  epithelial  permeability  barrier  to 
passive  solute  diffusion  [32],  but  in  animals  the 
role  of  neutrophils  in  this  phenomenon  is  both 
affirmed  [33]  and  denied  [34].  Indeed  it  has  been 
suggested  that  the  neutrophils  may  support  heal¬ 
ing  of  ozone-injured  epithelium.  The  epithelium 
is  capable  of  secreting  cytokines  (e.g.  endothelin- 
1)  which  could  support  mitogenic  activity  in 
airway  wall  mesenchymal  elements,  and  thus 
lead  to  remodelling.  Whether  such  events  might 
result  from  acute  or  repeated  03  exposure  is  not 
yet  clear. 

Morphologic  studies  have  shown  that  ozone 
exposure  also  directly  damages  surface  cells. 
Ciliated  cells,  the  predominant  cell  type  in  the 
airways  epithelium,  appear  to  be  especially  vul¬ 
nerable  to  direct  03 -induced  deciliation  and  to 
lethal  injury,  but  it  is  unknown  whether  the  latter 
represents  activation  of  programmed  cell  death 
(apoptosis).  Dead  cells  are  extruded  from  the 
epithelium  and  are  replaced  by  division  (DNA 
synthesis)  and  differentiation  of  progenitor  cells. 

Given  this  picture  of  03 -induced  acute  inflam¬ 
mation  in  normal  volunteers,  one  might  expect 
individuals  with  preexisting  diffuse  airways  dis¬ 
eases  like  asthma  or  chronic  obstructive  lung 
disease  (COLD)  to  prove  especially  vulnerable. 
Indeed,  increased  levels  of  summertime  ambient 
air  oxidant  pollution  (particulate  acids  and  salts 
as  well  as  ozone)  are  associated  with  increased 
hospital  admissions  for  respiratory  (but  not  other 
systems)  diagnoses  [35,36].  An  association  be¬ 


tween  fluctuations  in  ambient  air  ozone  and  daily 
mortality  is  suggested  by  the  analyses  of  Kinney 
and  Ozkaynak  [37,38]. 

Controlled  exposures  of  COLD  patients  to 
ozone  have,  however,  failed  to  reveal  exceptional 
sensitivity  -  at  least  to  the  spirometric  effects 
[39,40].  Some  of  the  subjects  were  active  smokers 
(which  reduces  acute  responsivity  to  ozone),  they 
were  all  relatively  older  (again  reducing  sensitivi¬ 
ty),  and  were  not  capable  of  more  than  modest 
exercise  (minute  ventilation  of  <30  1).  Bronchos- 
copic  studies  have  not  been  performed  in  this 
type  of  patient  after  03  exposure.  A  trend 
toward  a  very  small  reduction  of  arterial  02 
saturation  (pulse  oximetry)  has  been  observed.  If 
present,  it  might  imply  impairment  of  ventila¬ 
tion/perfusion  relations  and  possibly  of  small 
airways  function. 

As  noted  previously,  mildly  affected  asthmatic 
patients  appear  not  to  be  exceptionally  reactive 
to  controlled  03  exposure  in  terms  of  acute 
effects  on  lung  function,  and  particularly  bron- 
choconstriction.  Their  inflammatory  response  has 
only  recently  begun  to  be  explored,  focussing  on 
allergic  patients. 

Using  the  nasal  mucosa  as  a  surrogate  for  the 
lower  airways,  Bascom  et  al.  [41]  and  Peden  et 
al.  [42]  have  shown  that  a  substantial  cellular 
response  in  nasal  lavage  liquid  was  evoked  by  03 
exposure  of  allergic  rhinitics  and  asthmatics, 
respectively.  Unlike  normal  subjects  in  whom 
similar  procedures  evoke  only  neutrophils,  nasal 
lavage  from  the  allergic  individuals  also  had 
increased  numbers  of  eosinophils  or  of  eosino¬ 
phil  markers  (eosinophil  cationic  protein). 
Markers  of  mast  cell  degranulation,  however, 
were  not  increased  despite  a  previous  report  of 
increased  tryptase  in  nasal  lavage  following  03 
exposure  of  normal  volunteers  [43].  Lavage  of 
the  lower  airways  following  03  exposure  of 
allergic  asthmatics  revealed  the  expected  in¬ 
crease  of  neutrophils  but  (surprisingly)  not  of 
eosinophils  [44].  A  significant  role  of  mucosal 
mast  cells  in  enhancing  ozone-induced  neutro¬ 
philic  inflammation  is  suggested  by  studies  in 
genetically  mast-cell  deficient  mice  [45].  Asth¬ 
matics  have  increased  numbers  of  submucosal 
airways  mast  cells  and  might  therefore  exhibit 
increased  neutrophilic  inflammation  after  03 
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exposure.  If  ozone-induced  inflammation  is  in¬ 
deed  mediated  largely  by  airways  epithelium- 
derived  factors,  then  products  secreted  by  sub¬ 
mucosal  and  intraepithelial  mast  cells  may  modu¬ 
late  epithelial  cell  responses  to  ozone  in  a  parac¬ 
rine  fashion. 

It  is  possible  that  the  effects  of  CL  exposure 
interact  with  those  of  other  inhaled  agents  to 
produce  significant  health  effects.  Simultaneous 
exposure  to  CL  and  acid  aerosol  (to  mimic  smog) 
seems  to  somewhat  enhance  the  spirometric 
effects,  but  not  to  a  statistically  significant  de¬ 
gree.  Other  protocols  have  examined  sequential 
exposures  to  ozone  and  various  air  pollutants. 

Of  particular  interest  at  present  is  the  inter¬ 
action  between  CL  and  specific  antigen  in  allergic 
asthmatics.  Some  (but  not  all)  reports  point 
toward  an  increased  response  when  ozone  expo¬ 
sure  is  followed  by  either  nasal  [42]  or  inhaled 
[46]  antigen  challenge.  Jorres  et  al.  [47]  showed  a 
mean  3.3-fold  reduction  of  the  dose  of  inhaled 
specific  antigen  required  to  acutely  decrease 
FEV,  by  20%  in  mild  asthmatics  following  3-h 
mouthpiece  exposure  to  0.25  ppm  03  with  inter¬ 
mittent  mild  exercise.  Of  interest  would  be 
studies  of  CL  exposure  effects  in  allergic  subjects 
previously  challenged  with  antigen  so  as  to 
increase  the  intensity  of  asthmatic  airways  in¬ 
flammation. 

Although  this  discussion  has  focussed  on  air¬ 
ways  inflammation,  significant  alterations  in  func¬ 
tion  of  alveolar  macrophages  obtained  by  lung 
lavage  in  ozone-exposed  humans  [21,24]  and 
rodents  [48,49]  have  also  been  demonstrated.  In 
mice,  this  leads  to  sharply  increased  mortality 
due  to  pneumonia  following  challenge  with 
inhaled  aerosolized  suspensions  of  bacteria  [50]. 

Finally,  we  come  to  the  effect  of  repeated 
exposures  to  CL.  Consecutive  daily  controlled 
exposures  of  initially  responsive  healthy  volun¬ 
teers  clearly  lead  to  abolition  (by  day  4  or  5)  of 
spirometric  responses.  This  phenomenon  is  often 
referred  to  ‘adaptation’.  It  regresses  (i.e.  respon¬ 
siveness  to  CL  returns)  over  4-7  days  of  non¬ 
exposure  [51]. 

The  effect  of  consecutive  daily  03  exposures 
on  the  inflammatory  response  as  revealed  by 
bronchoalveolar  lavage  has  only  recently  been 


investigated  in  human  subjects  [52].  This  study 
showed  only  2%  neutrophilia  in  post-CL  BAL  on 
the  5th  day  of  consecutive  daily  2-h  exposures  to 
0.4  ppm  03.  A  mean  value  of  about  10%  was 
anticipated  for  a  single  such  exposure  (historical 
data).  Levels  of  other  BAL  fluid  markers  of 
CL-induced  inflammation  (e.g.  IL-6,  PGE2)  were 
also  reduced,  but  not  a  marker  of  cell  injury 
(LDH).  Biopsies  were  not  done  and  it  is  con¬ 
ceivable  that  tissue  neutrophilia  was  present,  but 
that  the  neutrophils  failed  to  cross  the  epithelium 
onto  the  airways  surface.  Recovery  of  acute  03 
responsiveness  was  found  10  and  20  days  later, 
but  may  not  have  been  complete. 

Although  chronic  animal  exposure  studies 
abound,  there  are  surprisingly  few  data  specifi¬ 
cally  examining  the  subacute  (several  days)  effect 
of  repeated  daily  exposures  to  ozone  on  parame¬ 
ters  reflecting  lung  inflammation,  including 
mediators  and  cells  in  BAL.  Donaldson  et  al. 
[53]  showed  a  significant  decrease  of  BAL  neu¬ 
trophilia  over  a  4-day  period  in  rats  exposed  to 
0.6  and  0.8  ppm  CL  for  7  h  per  day  on  consecu¬ 
tive  days.  Van  Bree  et  al.  [54]  showed  marked 
attenuation  of  neutrophil,  albumin,  fibronectin, 
and  IL-6  elevations  in  the  BAL  from  rats  ex¬ 
posed  for  12  h  to  0.4  ppm  CL  each  night  over  5 
consecutive  days.  No  histologic  data  were  re¬ 
ported.  Response  in  BAL  fluid  to  a  subsequent 
single  CL  exposure  had  not  fully  recovered  even 
after  20  days  of  non-exposure. 

It  therefore  seems  that  ‘adaptation’  of  some 
features  of  the  inflammatory  response  to  acute 
CL  exposure  occurs  in  rodents  as  well  as  human 
subjects.  The  mechanisms  responsible  for  adapta¬ 
tion  of  either  the  lung  function  changes  or  the 
inflammatory  changes  remain  to  be  elucidated. 
Wu  et  al.  [55]  recently  reported  that  acute  ozone 
exposure  activated  expression  of  an  IL-8-like 
gene  in  monkey  bronchial  epithelium,  but  that 
this  change  regressed  with  continued  exposure. 

If  such  adaptive  changes  represent  protective 
events,  it  implies  that  remodeling  of  injured 
airways  may  not  occur  during  repeated  ozone 
exposures  unless  these  are  appropriately  spaced 
temporally.  The  borderline  nature  of  the  func¬ 
tional  changes  and  relatively  modest  extent  of 
morphologic  alterations  found  in  the  centri-aci- 
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nar  regions  of  chronically  ozone-exposed  rodents 
and  primates  might  be  related  to  this  adaptive 
phenomenon.  It  is  not  known  whether  03 -in¬ 
duced  adaptation  of  neutrophilic  inflammation 
also  down-regulates  other  inflammatory  re¬ 
sponses  (e.g.  to  infection).  Such  a  consequence 
might  be  undesirable  and  also  merits  investiga¬ 
tion. 

Longitudinal  studies  of  lung  function  [56]  in 
residents  of  communities  in  the  Los  Angeles  area 
have  taken  advantage  of  patterns  of  regional 
variation  in  the  intensity  of  oxidant  air  pollution. 
They  suggest  an  association  between  aging-re¬ 
lated  decline  in  lung  function  and  residence  in 
polluted  areas,  but  have  been  criticized  on  meth- 
odologic  grounds  and  are  not  broadly  accepted. 
Another  southern  California  study  (in  6000  non¬ 
smoking  Seventh-Day  Adventists)  suggested  that 
increasing  cumulative  exposure  to  ozone  was 
associated  with  a  trend  toward  increased  inci¬ 
dence  of  asthma  [57]. 


1.  Conclusions 

(1)  Acute,  reversible  respiratory  effects  of 
ozone  (even  at  levels  as  low  as  0.08  ppm)  are 
demonstrable  in  controlled  exposures  in  healthy 
volunteers  and  in  spontaneous  exposures  to 
ambient  air.  Both  the  lung  function  and  neutro¬ 
philic  inflammatory  effects  depend  on  biological 
amplification  mechanisms.  The  former  involves 
stimulation  of  superficial  bronchial  C-fibers,  per¬ 
haps  by  prostaglandin  products  of  arachidonate 
metabolism.  The  latter  involves  activation  of 
alpha-chemokine  production  by  oxidant-stressed 
epithelial  cells. 

(2)  Patients  with  preexisting  chronic  obstruc¬ 
tive  airways  disease  or  asthma  do  not  appear  to 
be  exceptionally  reactive  to  acute  controlled 
ozone  exposure.  However,  the  interplay  between 
ozone  exposure  and  reaction  to  specific  antigen 
in  allergic  individuals  is  under  active  investiga¬ 
tion. 

(3)  Real  world  exposure  to  ambient  air  oxid¬ 
ant  pollution  is  associated  with  increased  respira¬ 
tory  morbidity,  but  the  specific  role  of  ozone  in 
this  association  is  unclear  because  of  the  con¬ 


comitant  presence  of  other  pollutants  such  as 
particulate  matter. 

(4)  Repeated  (daily)  exposures  to  03  cause 
progressive  diminution  of  lung  function  and 
inflammatory  responses,  a  phenomenon  known 
as  ‘adaptation’.  The  inflammatory  effects  of  03 
exposure  also  appear  to  undergo  ‘adaptation’. 
Full  restitution  of  inflammatory  responses  may 
then  require  more  than  1  week,  whereas  restora¬ 
tion  of  lung  function  response  occurs  within  7 
days.  These  findings  should  be  considered  in 
interpreting  the  relatively  modest  structural  and 
functional  changes  induced  by  chronic  exposure 
protocols  in  animal  models,  and  suggest  the  need 
for  a  mechanistic  understanding  of  adaptation 
and  de-adaptation. 

(5)  In  terms  of  protection  of  human  health,  the 
current  NAAQS  for  03  based  on  1-h  average 
levels  may  be  insufficient  to  fully  take  into 
account  the  fact  that  more  prolonged  exposure  to 
03  levels  less  than  0.12  ppm  is  capable  of  causing 
both  impaired  lung  function  and  airways  inflam¬ 
mation.  However,  the  ability  of  these  reversible 
changes  to  lead  to  permanent  airways  damage 
remains  unclear,  and  the  need  for  a  seasonal  or 
annual  primary  standard  designed  to  protect 
against  irreversible  lung  changes  has  been  articu¬ 
lated  (R.  McClellan,  personal  communication). 
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Abstract 

Short-term  ozone  exposure  causes  lung  function  decrements,  increased  airway  reactivity,  airway  inflammation, 
increased  respiratory  symptoms  and  hospital  admissions.  Exposure  to  long-term  elevated  ozone  levels  seems  to  be 
associated  with  reduced  lung  function  (aging),  increase  of  respiratory  symptoms,  exacerbation  of  asthma,  and 
airway  cell  and  tissue  changes.  Health  risk  caused  by  exposure  to  ozone  has  been  evaluated  mainly  in  a  qualitative 
way  by  comparing  ozone  air  quality  data  with  health-based  guidelines  or  standards.  A  preliminary  approach  to 
quantifying  health  risk  from  short-term  exposure  to  oxidant  air  pollution  has  been  taken  by  expert  judgement, 
describing  known  or  expected  effects  at  specific  levels  of  ozone.  For  quantitative  assessment  of  the  health  impact  of 
distinct  ozone  exposure  conditions  (acute,  repeated  daily,  chronic)  specific  exposure-dose-response  models  are 
being  developed  which  can  be  linked  to  human  exposure  data.  Exposure-(dose-)response  models  using  data  from 
epidemiological,  human-clinical  and  animal  toxicity  studies  are  presented. 

Keywords:  Ozone  exposure;  Exposure-dose-response  models;  Oxidant  air  pollution;  Lung  function 


1.  Human  exposure  to  oxidant  air  pollution  and 
ozone 

Episodes  of  increased  photochemical  activity 
may  last  a  number  of  consecutive  days  and 
several  such  episodes  may  occur  during  a  sum¬ 
mer  season.  The  severity  of  oxidant  air  pollution 
is  indicated  by  daily  maximum  1-  or  8-h  mean 
ozone  concentrations  [1].  During  oxidant  air 
pollution  episodes,  elevated  ozone  concentra¬ 
tions  can  occur  with  maximal  levels  ranging 
between  100  and  400  /xg/ m3  (0.05-0.2  ppm;  1  h 
mean).  Diurnal  concentration  profiles  of  ozone 


*  Corresponding  author. 


shows  broad  peaks  with  mean  ozone  concen¬ 
trations  of  80-90%  of  the  maximal  1-h  average 
concentration  during  12  h.  Public  health  may 
therefore  be  adversely  affected  by  both  acute 
and  repeated  daily  exposure  to  enhanced  ozone 
concentrations  for  several  h  per  day.  People  who 
live  in  areas  frequently  faced  with  oxidant  air 
pollution  episodes  may  experience  adverse 
health  effects  from  (sub)chronic  daily  exposure. 
Rural  and  urban  regions  with  relatively  high 
levels  of  photochemical  activity  show  frequently 
or  continuous  high  levels  of  ozone  during  a 
whole  summer  season. 

It  can  be  estimated  that  extremely  large  reduc¬ 
tions  in  NOx  and  VOC  will  be  needed  to  achieve 
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a  considerable  reduction  in  ozone  formation. 
These  measures  are  likely  to  be  very  costly  and 
will  have  a  large  socio-economic  impact.  The 
public  health  consequences  of  not  reducing 
ozone  levels  and  current  exposures  is  likely  to  be 
very  serious,  and  possibly  even  more  costly. 
Therefore,  there  is  an  urgent  need  for  quantita¬ 
tive  estimates  of  the  incidence,  nature,  and 
magnitude  of  ozone-related  acute,  repeated,  and 
(sub)chronic  effects.  Such  a  quantitative  ap¬ 
proach  can  also  serve  to  found  and  justify  pos¬ 
sible  effective  control  actions  to  reduce  risks. 


2.  Health  effects  from  acute  ozone  exposure 

Health  effects  caused  by  acute  exposure  to 
ozone  are  frequently  reviewed  and  discussed  [2], 
Controlled  acute  ozone  exposures  of  humans  and 
laboratory  animals  results  in  acute  responses  like 
lung  function  impairment,  airway  hyperrespon¬ 
siveness,  and  airway  inflammation  and  tissue 
injury  [3,4].  Recently,  data  have  been  presented 
suggesting  that  airway  inflammation  and  tissue 
injury  also  occur  in  people  (children)  exposed  to 
photochemical  air  pollution  [5]).  Typical  acute 
symptoms  in  people  exposed  to  ozone  include 
coughing,  tightness  of  the  chest,  nausea,  difficulty 
in  breathing,  and  decreased  ability  to  exercise. 

A  number  of  epidemiological  studies  have 
shown  associations  between  acute  ozone  expo¬ 
sure  and  pulmonary  function  decrements,  daily 
increases  in  morbidity,  exacerbation  of  respirato¬ 
ry  diseases  like  asthma,  and  increased  hospital 
admissions  and  daily  mortality  [6-9].  Some  of 
the  effects  may  be  indicative  of  the  onset  of 
long-term  effects  that  might  ultimately  result  in 
development  of  persistent,  accelerated  decline  of 
lung  function  (aging),  infections,  asthma  and 
chronic  obstructive  lung  diseases,  following  fre¬ 
quently  repeated  or  chronic  exposures  to  ozone. 

A  large  number  of  controlled  studies  now 
show  effects  occurring  even  below  current  ozone 
standards  and  guidelines.  Because  these  values 
for  short-term  adverse  health  effects  have  low 
margins  of  safety,  substantial  doubt  is  growing  in 
the  scientific  community  whether  or  not  these 
standards  and  guidelines  still  provide  an 


adequate  degree  of  public  health  protection. 
Moreover,  ozone  responses  do  not  seem  to  have 
an  apparent  threshold  or  this  threshold  value  is 
very  close  to  background  levels  of  ozone. 

3.  Critical  aspects  of  dose-response  modelling 
of  ozone 

Multiple  exposures  to  ozone  in  controlled 
human  and  animal  studies  cause  a  diverging 
pattern  of  health  effects,  i.e.  attenuation  of 
respiratory  symptoms  and  pulmonary  function 
responses  and  progression  of  tissue  injury,  in¬ 
flammatory  responses  and  increased  airway  re¬ 
sponsiveness  [10-12].  Epidemiological  studies 
have  revealed  some  supportive  data  for  this 
divergence,  showing  attenuation  of  lung  function 
decrements  in  people  residing  in  areas  with 
frequently  recurring  high  ambient  ozone  levels 
[13]).  Controlled  studies  on  the  time  course  of 
various  health  effects  also  show  that  some  effects 
like  respiratory  symptoms  and  lung  function 
responses  are  maximal  immediately  following 
ozone  exposure,  whereas  other  effects,  like  in¬ 
flammatory  responses  and  tissue  damage,  may 
peak  at  a  later  time.  Therefore,  health  risk 
analysis  of  acute  and  repeated  daily  ozone  expo¬ 
sure  must  use  exposure-response  relationships 
selected  or  adjusted  for  specific  ozone  exposure 
situations  and  measuring  time  points. 

Individuals  in  the  population  vary  greatly  in 
their  biological  susceptibility  to  acute  responses 
to  ozone  and  oxidant  air  pollution  [14],  showing 
non-responders,  normal  responders,  and  hyper¬ 
responders.  It  is  suggested  that  this  variation 
depends  on  both  intrinsic  (e.g.  genetic  back¬ 
ground)  and  extrinsic  factors  (e.g.  socio-econ¬ 
omic  status).  It  should  be  noted  that  this  re¬ 
sponse  variation  can  be  different  for  various 
effects,  i.e.,  a  hyperresponder  with  regard  to  a 
decline  in  FEV,  might  be  a  non-  or  normal 
responder  to  an  inflammatory  reaction  and  vice 
versa.  The  interindividual  and  intraindividual 
differences  in  ozone-induced  response  may  also 
be  a  reflection  of  different  exposures  to  ozone 
and  may  therefore  be  related  to  differences  in 
exposure  variables  (concentration,  exposure 


L.  van  Bree  et  al.  /  Toxicology  Letters  82183  (1995)  317-321 


319 


time,  and  breathing  minute  ventilation).  There¬ 
fore,  because  acute  ozone  responses  appear  to 
depend  to  a  major  extent  on  the  cumulative 
exposure  and  inhaled  dose,  people  subjected  to 
prolonged  daily  exposure  as  well  as  people  with 
high  breathing  minute  ventilation  rates  due  to 
increased  physical  activity  are  suggested  to  be  at 
an  increased  risk  [15,16]. 

Population  studies  indicate  that  exposure  to 
ozone  during  oxidant  air  pollution  may  be  associ¬ 
ated  with  exacerbations  of  asthma  and  increases 
of  asthmatic  visits  to  hospital  emergency  depart¬ 
ments  [17,18].  Controlled  human  studies  indicate 
that,  with  similar  changes  in  symptoms,  lung 
volumes,  and  bronchial  responsiveness  in  both 
normal  and  asthmatic  subjects,  ozone-exposed 
asthmatics  have  greater  airway  obstruction.  In 
addition,  asthmatics  appear  to  have  greater  air¬ 
way  inflammation  than  healthy  subjects  [19,20]. 
Recent  studies  [21,22]  also  show  that  short-term 
ozone  exposure  increased  the  bronchial  allergen 
responsiveness  in  subjects  with  mild  allergic 
asthma.  Due  to  the  irritant  nature  of  ozone, 
which  is  capable  of  inducing  airway  inflammation 
and  bronchoconstriction,  asthmatics  and  COPD 
patients  are  considered  to  be  at  increased  risk  for 
ozone  exposure.  Ozone  may  contribute  to  acute 
disease  exacerbations,  morbidity,  and  mortality. 

Available  human  and  animal  toxicity  data 
have  not  conclusively  demonstrated  gender  and 
racial  differences  for  pulmonary  response  to 
ozone.  Data  on  age  as  a  susceptibility  factor  are 
also  inconclusive,  although  very  young  children 
are  suggested  to  be  more  responsive  due  to 
greater  thoracic  and  pulmonary  doses  [23], 
whereas  older  adults  seem  to  have  a  decreased 
pulmonary  function  response  [15]. 

In  order  to  estimate  the  health  impact  of 
ozone,  it  is  important  to  know  whether  the 
effects  of  ozone  are  interrelated  and  whether 
some  of  the  effects  are  causally  linked  with  other 
effects  that  may  even  be  predictive  in  this  re¬ 
spect.  A  number  of  studies  show,  however,  a 
large  dichotomy  of  various  health  effects,  with 
lack  or  even  inverse  relationship  between  ozone- 
induced  spirometric  changes,  respiratory  symp¬ 
toms,  airway  inflammation,  and  allergen  respon¬ 
siveness  [22,24]. 


4.  Exposure-dose-response  models  for  short¬ 
term  ozone  exposure 

Health  risks  caused  by  exposure  to  ambient 
oxidant  air  pollution  have  been  mainly  evaluated 
in  a  qualitative  way  by  comparing  air  quality  data 
with  standards  and  health-based  guidelines. 
However,  when  guidelines  are  exceeded,  these 
are  only  qualitative  indications  of  the  likelihood 
of  adverse  health  effects  and  do  not  allow  any 
quantitative  estimates  of  the  extent  and  mag¬ 
nitude  of  risks. 

Efforts  have  been  made  by  the  World  Health 
Organization  to  describe  air  quality  in  terms  of 
indicator  pollutants  and  to  compare  these  data 
with  exposure-response  relationships  based  on 
the  judgement  of  experts  [25],  For  ambient 
oxidant  air  pollution,  ozone  is  still  considered  the 
most  important  component  with  regard  to  ad¬ 
verse  health  effects  in  airways.  Gradations  have 
been  made  for  all  known  or  expected  acute 
health  effects  caused  by  exposure  at  certain 
ozone  levels,  and  health  effects  have  been 
categorized  into  different  classes  of  severity,  (i.e. 
mild,  moderate,  and  severe)  at  specified  ozone 
concentrations. 

There  is  an  increasing  need  to  develop  and 
implement  quantitative  methods  and  mathemati¬ 
cal  models  to  estimate  or  predict  the  incidence, 
magnitude,  and  nature  of  health  risks  of  ozone  in 
the  exposed  general  population  and  in  specific 
(sensitive)  subgroups.  This  approach  has  to  be 
based,  on  the  one  hand,  on  exposure-dose-re- 
sponse  models,  i.e.  descriptions  of  the  relation¬ 
ship  between  exposure,  dose,  and  experienced  or 
predicted  incidence  of  effects  in  specific  human 
populations.  On  the  other  hand,  this  approach 
has  to  use  exposure  models,  i.e.  descriptions  of 
potential  and  actual  exposure  of  (sub)popula- 
tions.  When  exposure  can  be  related  to  air 
quality  and  various  sources  or  contributive  emis¬ 
sions,  this  approach  can  be  used  to  calculate  risk 
reductions  dependent  of  improvements  of  air 
quality. 

A  number  of  experimental  animal  studies  with 
acute  ozone  exposures  has  focused  on  establish¬ 
ing  exposure-time-response  relationships  and  the 
importance  of  cumulative  dose,  characterized  by 
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concentration  (C)  and  exposure  time  ( T ),  for 
inducing  airway  permeability  [26]  and  airway 
responsiveness  [27].  The  role  of  breathing  minute 
volume  (Vc)  has  only  been  studied  to  a  limited 
extent  in  laboratory  animal  studies,  showing  that 
physical  exercise,  and  the  concomitantly  inhaled 
dose  and  dose  rate,  may  significantly  enhance 
pulmonary  deposition  and  related  pulmonary 
function  or  permeability  effects  [4,28]. 

A  number  of  controlled  human  studies  with 
determination  of  various  measures  of  lung  func¬ 
tion  have  also  been  focused  on  the  precise 
inhaled  (effective  or  delivered)  dose  concept  of 
single  ozone  exposure.  Inhaled  effective  dose  is 
thereby  defined  as  the  product  of  C,  T ,  and  Vc.  It 
appears  that  the  magnitude  of  lung  function 
decrements,  measured  directly  following  ozone 
exposure,  is  related  to  the  inhaled  effective 
(internal  thoracic)  dose  [29,30].  It  has  been 
suggested  that,  both  for  young  and  old  adults,  the 
relative  ranking  of  contributing  dose  variables 
associated  with  pulmonary  function  decline  is  C 
>  Vc  >  T  [31,32]. 

Recently,  a  number  of  studies  focused  on 
establishing  mathematical,  non-linear  models 
that  describe  ozone-induced  decrements  in  lung 
function  (FEV,)  and  increases  in  airway  per¬ 
meability  as  a  function  of  total  inhaled  dose 
(Cxlxkj  and  dose  rate  (C  X  VJ.  Studies  with 
different  protocols  and  levels  of  C  and  7,  and  to 
a  limited  extent  also  Vci  have  been  evaluated  for 
the  contributive  and  interactive  role  of  the  vari¬ 
ous  dose  variables  in  humans  [26,31,33].  Studies 
have  also  reported  on  the  use  of  mathematical 
models  describing  interindividual  differences  in 
acute  pulmonary  function  responses  following 
ozone  exposure  [15,16]. 

5.  Quantitative  risk  estimation 

Quantitative  health  risk  assessment  of  ozone 
exposure  can  provide  information  on  the  extent 
and  magnitude  of  effects  in  the  general  popula¬ 
tion,  specific  risk  groups,  and  individuals,  if 
actual  exposure  can  be  estimated  and  exposure 
or  dose-response  relationships  can  be  estab¬ 
lished. 


With  regard  to  the  exposure  model,  individual 
exposure  and  inhaled  dose  are  dependent  upon  a 
range  of  variables,  such  as  geographical  area, 
relationships  between  outdoor  and  indoor  air 
quality,  time-activity  and  physical  activity  pat¬ 
terns,  and  physiological  variables.  Mathematical 
models  can  be  developed  with  functional  mod¬ 
ules  that  describe  individual  exposure  parame¬ 
ters.  These  parameters  can  be  calculated  from 
time  series  of  regional  and  urban  air  quality  data, 
time-activity  and  physical  activity  patterns  de¬ 
rived  from  population  survey  statistics,  demo¬ 
graphic  data,  and  appropriate  functions  and 
distributions  of  variables,  such  as  indoor-outdoor 
relationships.  From  these  data,  population  fre¬ 
quency  distributions  can  be  estimated  while 
preserving  individual  characteristics,  providing 
the  possibility  to  identify  individuals  in  specific 
sub-populations,  (e.g.  the  upper  tail  of  a  dis¬ 
tribution).  These  types  of  exposure  models  are 
still  in  the  phase  of  development.  Ultimately, 
however,  they  can  be  used  to  estimate  the 
exposure  of  the  population  and  to  predict  specific 
health  effects  of  interest,  provided  that  exposure- 
dose-response  relationships  are  known. 
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Abstract 

Studies  of  mutation  at  the  hypoxanthine  phosphoribosyl  transferase  (hrpt)  locus  in  human  T-cells  have  the 
potential  to  elucidate  the  molecular  basis  of  in  vivo  mutagenesis,  reveal  exposure  dependent  changes  in  ther 
background  frequency  of  mutation,  and  provide  knowledge  on  individual  sensitivity.  Styrene  exposed  lamination 
workers  in  Bohemia  showed  a  significantly  higher  frequency  of  hprt  mutant  cells  than  Swedish  control  populations 
studied  simultaneously.  In  a  study  of  47  healthy,  non-smoking  male  bus  maintenance  workers  exposed  to  diesel 
exhausts,  soot  and  oil,  and  22  unexposed  controls,  a  significant  correlation  ( P  -  0.008)  was  obtained  between  the 
levels  of  aromatic  DNA  adducts  and  frequencies  of  hprt- mutant  T-cells.  In  the  group  of  workers  with  the  highest 
exposure,  subjects  with  glutathione  5-transferase  (GSTM1)  deficiency  showed  significantly  higher  (P<  0.05) 
frequency  of  hprt  mutant  T-cells  than  GSTM1 -positive  subjects.  The  highest  adduct  levels  were  found  in  subjects 
with  the  combined  genotype  of  GSTM1  and  NAT2  deficiency  (GSTM1 -negative  slow  acetylators).  These  results 
indicate  that  GSTM1  and  NAT2  genotypes  may  play  a  role  in  determining  the  individual  levels  of  hprt  mutation 
and  DNA  adducts.  Using  PCR-based  screening  methods,  hprt  mutations  have  been  classified  in  462  T-cell  clones 
from  43  subjects  in  this  study  population.  Deletions  were  found  in  3%  of  the  mutants,  coding  errors  in  81%  and 
splice  mutations  in  17%.  Transitions  and  transversions  were  equally  common,  and  all  types  of  base  substitutions 
were  detected. 

Keywords:  Gene  mutation;  hprt  locus;  Human  T  lymphocytes;  DNA  adducts;  Genetic  predispositon 


1.  Introduction 

Several  methods  are  available  for  the  analysis 
of  human  somatic  mutation  in  vivo  (review  in 
[1,2]).  The  most  versatile  of  these  methods 
measures  the  frequency  of  mutation  at  the  X- 
linked  hypoxanthine  guanine  phosphoribosyl 
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(hprt)  locus  in  T  lymphocytes  [3,4].  This  system 
has  several  unique  advantages. 

Firstly,  in  vivo  mutations  at  the  hprt  locus  can 
be  analysed  both  in  somatic  cells  (i.e.  T  lympho¬ 
cytes)  [5]  and  in  the  germ  line  (i.e.  in  patients 
with  the  Lesch-Nyhan  syndrome)  [6-8],  offering 
the  possibility  to  study  mutational  mechanisms  in 
germ  cells  by  inference  from  data  derived  from 
somatic  cells. 

Secondly,  spontaneous  and  chemically  or 
radiation-induced  hprt  mutations  can  be  studied 
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in  T  cells  in  vitro  [9-13],  which  allows  ex¬ 
perimental  approaches  to  be  used  in  close  simi¬ 
larity  to  the  in  vivo  situation. 

Thirdly,  since  the  entire  nucleotide  sequence 
of  the  hprt  gene  is  known  [14],  it  is  possible  to 
identify  almost  all  different  hprt  mutations  that 
give  rise  to  hprt  deficient  phenotype. 

Finally,  the  specificity  of  T-cell  receptor  (TCR) 
gene  rearrangement  makes  it  possible  to  estab¬ 
lish  the  identity  of  each  individual  mutant  T-cell 
clone,  so  that  identical  mutations  in  cells  with 
dissimilar  TCR  gene  rearrangements  can  be 
ascribed  to  different  mutational  events  [15]. 

Taken  together,  these  features  make  the  analy¬ 
sis  of  hprt  mutation  in  T  lymphocytes  an  im¬ 
portant  source  of  knowledge  regarding  molecular 
mechanisms  of  mutagenesis  in  human  cells  (re¬ 
view  in  [16]).  Moreover,  it  is  a  promising  system 
for  monitoring  pollutant-induced  genetic  damage 


in  the  human  population,  and  an  interesting 
surrogate  system  for  studies  of  early  mutational 
events  in  carcinogenesis. 

2.  hprt  mutant  frequencies  in  human 
populations 

Extensive  information  on  human  hprt  muta¬ 
tion  has  already  been  collected  in  an  internation¬ 
al  database  [17]  and  presented  in  several  com¬ 
prehensive  reviews  [2,18,19].  Measurements  of 
mutant  frequency  (MF,  i.e.  the  frequency  of  hprt 
mutant  peripheral  blood  T  lymphocytes)  in 
groups  of  healthy  individuals  in  different  lab¬ 
oratories  show  a  remarkable  similarity  in  group 
mean  MF  among  adults,  in  spite  of  a  10-20-fold 
interindividual  variation  [2].  As  shown  in  Table 
1,  this  is  also  evident  in  some  recent  study 
populations  from  the  United  States,  as  well  as  in 


Table  1 

hprt  mutant  frequencies  in  T  cells  in  different  populations 


Study  populations 

No.  of  subjects 

MF  x  10h 

mean  ±  S.D.  (range) 

CE 

(%  ±  S.D.) 

Age 

mean  (range) 

Reference 

Sussex .  UK 

Normal  adult 

non-smokers 

49 

6.6  (1-32.2) 

58 

38 (18-84) 

pi 

North  Carolina .  USA 
Healthy  volunteers 

Male  non-smokers 
Female  non-smokers 

34 

28 

7.1  ±  5.0  ( 1.4-26.1 ) 

8.1  ±7.5(1.9-36.5) 

29  ±  12 

33  ±  16 

28(19-41) 

31 (22-45) 

1-2] 

Vermont.  USA 
Laboratory  and 
office  personnel 

21 

7.4  ±5.5  (1.8-24.8) 

36  ±  16 

28(19-43) 

[54] 

Sweden 

All  non-smokers 

Bus  maintenance 
workers 

Fine  mechanics  and 
laboratory  personnel 

47 

22 

8.6  ±4.7  (1.9-22.6) 

8.4  T  84.9  1.4-22.5) 

59  ±  27 

58  ±  25 

43(27-65) 

38(23-61) 

[34| 

Bohemia.  Czech  Rep. 

All  non-smokers: 
Lamination  workers 
(styrene  exposed) 
Factory  workers 
Laboratory  personnel 

9 

7 

8 

17.5  ±  12.3(8.4-49.0) 

15.7  ±8.3  (6.8-31.6) 

11.8  ±6.8  (7.3-27.4) 

43  ±  1 1 

42  ±  12 

39  ±  8 

44 (32-51) 

42  (32-52) 
44(30-51) 

[28] 
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our  own  data  on  healthy,  non-smoking,  bus- 
maintenance  workers,  fine  mechanics  and  labora¬ 
tory  controls  from  Sweden.  Slightly  higher  group 
mean  hprt  MFs  were  obtained  in  our  study  of 
styrene-exposed  lamination  workers  and  the  cor¬ 
responding  laboratory  controls  from  Bohemia. 
These  data  will  be  described  in  some  more  detail 
below. 

Repeat  sample  analyses  suggest  that  the  meth¬ 
odological  error  of  hprt  MF  measurement  in  T 
cells  using  the  clonal  assay  is  relatively  small  [20], 
although  the  assay  in  different  laboratories  may 
differ  with  regard  to  cell  priming,  counting  and 
plating  procedures,  feedercells  and  growth  sup¬ 
porting  media.  However,  if  the  cloning  efficiency 
(CE),  which  in  most  studies  is  inversely  related 
to  the  MF,  is  kept  at  sufficiently  high  level  (0.3- 
1),  the  estimate  of  MF  appears  to  be  reliable 
[20]. 

The  large  interindividual  variation  of  MF  in 
healthy  subjects  is  partly  related  to  age  and 
smoking  habits.  In  most  studies,  the  MF  has  been 
shown  to  increase  by  1-3%  per  year  in  adults 
(review  in  [2]),  and  some  laboratories  have 
reported  the  MF  to  be  20-50%  higher  in  smok¬ 
ers  than  in  non-smokers  (e.g.  [21,22]).  Recent 
data  with  regard  to  the  effect  of  dietary  habits 
[23]  need  further  confirmation. 

Medical  treatments  such  as  radiation  and 
chemotherapy,  as  well  as  conditions  associated 
with  defective  DNA  repair  capacity  (xeroderma 
pigmentosum)  or  genomic  instability  (ataxia 
telangiectasia  and  Fanconfls  anemia)  have  been 
shown  to  be  associated  with  an  increased  MF  in 
several  studies  (review  in  [2]).  However,  few 
studies  have  been  able  to  show  a  convincing 
effect  of  environmental  and  occupational  expo¬ 
sures  on  hprt  MF  in  peripheral  T  cells  (e.g. 
[24-28]).  Unknown  background  factors  may  con¬ 
tribute  to  the  large  interindividual  variations  in 
MF,  and  relatively  small  increases  in  the  average 
MF  due  to  environmental  exposures  may  be 
difficult  to  observe  unless  the  exposure  is  well 
defined  with  regard  to  internal  dose  and  dura¬ 
tion. 

There  are  several  host  factors  which  theoret¬ 
ically  could  influence  the  background  MF  in  T 
cells  of  healthy  individuals,  such  as  genetically 


determined  polymorphisms  of  enzymes  involved 
in  DNA  repair  functions  or  the  activation  and 
detoxification  of  endogeneous  and  environmen¬ 
tal  mutagens  and  carcinogens.  The  hypothesis 
behind  this  concept  is  that  individuals  with  en¬ 
hanced  metabolic  activation  and/or  decreased 
detoxification  or  DNA  repair  capacity,  will  ac¬ 
quire  higher  levels  of  DNA  damage  and  there¬ 
fore  show  increased  mutation  rate.  To  investigate 
this  possibility,  we  have  studied  the  relationship 
between  hprt  MF,  possible  susceptibility  geno¬ 
types  and  levels  of  DNA  adducts  in  peripheral  T 
cells  from  groups  of  healthy  individuals  with 
various  types  of  occupation. 

3.  hprt  MF  and  DNA  adducts  in  styrene- 
exposed  lamination  workers 

Styrene  is  a  possible  human  carcinogen  accord¬ 
ing  to  the  I  ARC  classification  [29],  and  one  of 
the  most  important  chemicals  in  the  manufacture 
of  plastic  material.  Protein  and  DNA  adducts,  as 
well  as  DNA  strand  breaks  and  cytogenetic 
changes  have  been  reported  previously  in  blood 
samples  from  styrene-exposed  workers  (reviews 
in  [30,31]. 

hprt  MF  and  styrene-specific  06-guanine  DNA 
adducts  were  studied  in  a  group  of  styrene-ex- 
posed  Bohemian  lamination  workers  [28].  Four 
blood  samples  were  taken  over  a  7-month 
period.  The  first  and  second  samplings  were 
separated  by  a  2-week  vacation  time.  Exposure 
was  monitored  both  with  regard  to  ambient  air 
concentrations  and  internal  dose  biomarkers. 
Styrene-specific  06-guanine  DNA  adducts  were 
measured  with  a  modified  l2P-postlabeling  tech¬ 
nique  [32,33].  Factory  workers,  employed  in  the 
same  factory  as  the  lamination  workers,  but  not 
occupied  with  lamination  work,  were  used  as 
controls.  During  the  course  of  the  investigation, 
it  became  apparent  that  the  factory  workers  also 
showed  increased  levels  of  06-guanine  adducts, 
and  another  control  group  of  laboratory  person¬ 
nel,  without  any  known  styrene  exposure,  was 
recruited.  Blood  samples  from  the  laboratory 
controls  were  taken  at  one  time  point  only 
(sampling  IV). 

The  average  hprt  MF  was  found  to  be  1.5-2 
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times  higher  in  the  Bohemian  study  population 
than  in  the  Swedish  study  populations  (Table  1), 
although  these  studies  were  carried  out  in  the 
same  laboratory  and  during  the  same  time 
period,  using  the  same  experimental  procedures 
[34,35].  This  relatively  large  difference  in  group 
mean  MF,  in  spite  of  similar  age  distribution, 
smoking  habits  (all  are  non-smokers),  and  CE 
values  (Table  1),  indicate  that  hprt  MF  is  affect¬ 
ed  by  other,  so  far  unknown  background  factors, 
perhaps  related  to  cultural  and  social  conditions 
and  dietary  and  other  lifestyle  factors.  Such 
possible  regional  and  perhaps  ethnic  differences 
in  somatic  mutation  rate  need  to  be  studied  in 
more  detail. 

The  hprt  MF  in  the  lamination  workers  were 
higher  than  in  the  factory  controls  at  3  of  the  4 
sampling  times,  but  the  differences  were  not 
statistically  significant  (Table  2).  However,  there 
was  a  small,  but  significantly  higher  hprt  MF  in 
the  laminators  compared  to  the  laboratory  con¬ 
trols  at  sampling  time  IV,  the  only  time  point 
when  these  data  could  be  compared,  since  sam¬ 
ples  from  both  groups  v/ere  collected  within  the 
same  week  and  analysed  simultaneously  (Table 
2).  This  result  indicates  that  styrene  exposure  is 
associated  with  an  increase  in  hprt  mutation  in 
human  T  lymphocytes. 

The  DNA  adduct  levels  were  remarkably 
constant  over  the  4  sampling  times,  and  sig¬ 


nificantly  higher  in  the  laminators  than  in  the 
factory  controls.  In  the  laboratory  controls,  the 
levels  of  styrene-specific  DNA  adducts  were  on 
the  border  of  detection  (Table  2).  Thus,  on  a 
group  mean  basis,  the  DNA  adduct  levels 
showed  the  same  relationship  between  study 
groups  as  did  the  hprt  MF,  being  highest  in  the 
laminators  and  lowest  in  the  laboratory  controls. 
However,  there  was  no  correlation  between  the 
individual  levels  of  DNA  adduct  and  hprt  MF, 
suggesting  that  there  is  no  simple,  quantitative 
relationship  between  these  two  biomarkers.  The 
possible  reason  for  this  lack  of  correlation  may 
be  that  the  measured  DNA  adduct  levels,  which 
appear  to  be  very  stable  since  they  do  not  change 
before  (sample  I)  and  after  vacation  (samples 
II-IV),  reflect  a  non-repaired  fraction  of  the 
adducts  remaining  in  non-active  parts  of  the 
genome.  Since  measurements  of  DNA  adducts 
are  based  on  the  whole  genome,  while  hprt 
mutations  are  specific  locus  changes  in  an  active 
gene  occupying  only  55  kb  of  the  genomic  DNA, 
the  rate  and  extent  of  removal  of  adducts  and 
their  distribution  in  the  genome  may  very  well 
affect  the  relationship  between  the  two  markers. 

Previous  studies  have  shown  that  many  chemi¬ 
cals  and  radiations  induce  specific  patterns  of 
mutation  at  the  hprt  locus  in  T  cells,  which  are 
readily  distinguished  from  the  background  or 
spontaneous  pattern  of  hprt  mutation  (e.g. 


Tabic  2 

hprt  MF  and  styrene-specific  O  -guanine  DNA  adducts  in  laminators  and  controls 


Group  and  No.  of  subjects 

Sample  I 

Sample  11 

Sample  III 

Sample  IV 

All  samples 

Laminators  (9) 

MF  x  10f' 

Adducts/ 10s  dNp:i: 

20.7  ±  25.9 

5.0  ±2.9 

18.8  ±  15.8 

5.9  ±  2.0 

15.3  ±  5.9 

6.0  ±  2.0 

18.0  ±5.2** 

4.8  ±  2.5 

17.5  ±  12.3 

5.4  ±  1.7*** 

Factory  workers  (7) 

MF  x  10* 

Adducts  /  10s  dNp:;: 

17.2  ±5.5 

1.4  ±0.9 

14.7  ±  11.2 

0.7  ±  0.4 

18.1  ±  13.3 

0.9  ±  0.6 

12.8  ±  7.2 

0.8  ±  0.4 

15.7  ±8.3 

1.0  ±0.4*** 

Laboratory  personnel  (8) 

MF  x  10*  ’ 

Adducts  /  10s  dNp* 

11.8  ±6.8** 

0.3  ±  0.5 

11.8  ±6.8 

0.3  ±  0.5 

Data  from  [28], 

*  Data  show  group  mean  ±  S.D. 

P  <  0.02  for  dillerence  between  laboratory  personnel  and  laminators. 
B  <  0.001  tor  difterence  between  laminators  and  factory  workers. 
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[12,36,37]).  However,  the  relatively  small  differ¬ 
ence  in  MF  between  styrene-exposed  lamination 
workers  and  unexposed  controls  would  make  it 
very  difficult  to  detect  any  difference  in  the 
mutation  pattern  in  the  2  groups.  In  order  to 
study  the  possible  specificity  of  styrene-induced 
mutation,  we  therefore  took  advantage  of  the 
possibility  offered  by  the  hprt  assay,  to  study 
mutation  induction  in  T  cells  in  vitro,  i.e.  in  the 
same  human  cell  population  as  was  studied  in 
vivo. 

A  series  of  in  vitro  experiments  was  carried 
out  [13]  in  which  T  lymphocytes  from  healthy 
blood  donors  were  exposed  to  styrene-7 ,8-oxide 
(SO),  the  major  in  vivo  metabolite  of  styrene 
which  is  thought  to  be  responsible  for  its  muta¬ 
genic  and  probably  carcinogenic  in  vivo  effect 
[29].  Both  hprt  MF  and  styrene-specific  O6- 
guanine  adducts  were  measured.  SO  treatment  at 
a  concentration  of  0.2-0.4  mM  for  24  h  resulted 
in  a  dose-dependent  decrease  of  cell  survival, 
and  increase  of  hprt  mutants  and  O6 -guanine 
adducts.  Higher  SO  concentrations  caused  pro¬ 
nounced  cell  death  and  a  further  increase  of 
DNA  adduct  levels,  but  a  decrease  of  hprt  MF 
(Table  3). 

Thus,  again  there  was  no  simple  relationship 
between  hprt  MF  and  06-guanine  adduct  levels. 
Moreover,  these  in  vitro  results  suggest  that 
exposure  to  comparatively  high  SO  doses  for 
short  duration  in  vitro  is  relatively  inefficient  in 
inducing  hprt  mutation  and  06-guanine  adducts 
in  comparison  to  chronic,  low-dose  exposure  to 
styrene  in  vivo.  A  possible  explanation  for  this  is 
that  both  06-guanine  adducts  in  lymphocyte 


DNA  and  hprt  mutant  T  cells  accumulate  with 
different  kinetics  over  considerable  time  periods 
in  vivo. 

4.  hprt  MF  and  aromatic  DNA  adducts  in  bus 
maintenance  workers 

Occupational  exposure  to  diesel  exhausts, 
which  contain  a  number  of  mutagenic  poly¬ 
aromatic  hydrocarbons  (PAHs)  and  nitro-PAHs, 
has  been  associated  with  an  increased  risk  of 
lung  cancer  (review  in  [38]),  and  increased  levels 
of  aromatic  DNA  adducts  in  peripheral  lympho¬ 
cytes  [39].  In  a  recent  work,  Perera  et  al.  [27] 
showed  a  significant  correlation  between  PAH- 
DNA  adduct  levels  and  hprt  MF  in  a  group  of 
foundry  workers.  Thus,  further  studies  are  war¬ 
ranted  to  establish  the  relationship  between 
exposure-related  DNA  damage  and  effect-re¬ 
lated  genetic  change  in  human  cells  in  vivo. 

Aromatic  DNA  adduct  levels  and  hprt  MF  in 
T  cells  were  studied  in  47  bus  maintenance 
workers  and  22  control  subjects  [34].  All  were 
non-smokers.  The  bus  maintenance  workers 
were  exposed  to  diesel  exhaust,  soot  and  lub¬ 
ricating  oils.  Within  this  group,  16  subjects  were 
garage  workers  considered  to  be  highly  exposed 
to  diesel  exhausts,  25  subjects  were  mechanics 
mainly  exposed  to  engine  and  lubricating  oils, 
and  6  were  low-exposed  workers  with  ‘other’ 
maintenance  work.  The  controls  were  11  fine 
mechanics  from  a  hospital  workshop  and  11 
laboratory  personnel.  DNA  adduct  levels  in 
lymphocyte  DNA  were  measured  by  32P-post- 


hprt  MF  and  levels  of  06-guanine  DNA  adducts  in  human  T  cells  treated  with  SO  for  24  h  in  vitro 
Concentration  Survival  MF  x  106 


of  SO  (mM)  (% )  _  (mean  ±  S.D.)a 


0  100  4.3  ±  0.8 

0  2  78  15.0  ±7.2 

04  43  15-7  ±9.4 

0  6  8.4  6.2  ±1.6 


Data  from  [13]. 

a  Five  control  and  3  SO  cultures  at  each  dose  level. 
b  Two  experiments. 
c  One  experiment. 


Adducts/ 108  dNt 
mean  (range) 

0 

1.5  (0.98-2.04)b 
2.5C 

3.1  (2.59-4.05)h 
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labelling  [39],  and  hprt  MF  by  the  T-cell  cloning 
assay  [35]. 

In  both  study  groups,  the  CE  was  high  (mean 
59% ),  showed  no  decrease  with  age  and  was 
negatively  correlated  with  MF.  A  highly  signifi¬ 
cant  correlation  between  MF  and  age  was  ob¬ 
tained,  indicating  an  increase  of  MF  by  2.5%  per 
year.  However,  no  significant  difference  in  MF 
was  observed  between  the  workers  and  controls. 
In  fact,  both  mean  and  range  of  MF  were  very 
similar  to  data  reported  for  other  ‘healthy,  non- 
exposed  control’  groups  (c.f.  Table  1). 

The  hprt  MF  was  highest  in  the  most  heavily 
exposed  group  of  garage  workers,  and  lowest  in 
the  small  group  of  workers  occupied  with  ‘other’ 
work  tasks.  However,  these  differences  were  not 
statistically  significant.  The  aromatic  DNA  ad¬ 
duct  levels  ranged  from  1. 6-6.5/  10<s  dNt.  There 
was  no  correlation  between  adduct  levels  and 
age,  but  a  statistically  significant  difference  in 
adduct  levels  was  obtained  between  workers  and 
controls,  and  between  the  garage  workers  and 
the  other  2  groups  of  workers  (Table  4). 

A  significant  correlation  was  obtained  between 
the  aromatic  DNA  adduct  levels  and  hprt  MF  for 
the  exposed  workers  (P  =  0.04)  as  well  as  for  the 
entire  study  population  (P  =  0.008),  but  not  for 
the  smaller  group  of  controls.  However,  the 
trend  for  a  positive  correlation  between  hprt  MF 
and  DNA  adduct  levels  was  very  similar  in  the 
control  group  and  in  the  group  of  workers  (Fig. 
1),  suggesting  that  aromatic  DNA  adduct  levels 
are  indeed  related  to  the  mutation  frequency. 


MF  ^  3, 383  *  1,171  *  Adducts  (10-fi);  R-'-2  ^  .036  (c) 
MF-'  =  4.393  *  1,190  '  Adducts  (10-8);  R-‘2  =  ,104  (w) 


Fig.  1.  Correlation  between  hprt  MF  and  aromatic  DNA 
adduct  levels  in  bus  maintenance  workers  and  controls  (data 
from  Hou  el  al.,  1995a).  •.  workers  (w):  O,  controls  (c).  The 
MFs  have  been  adjusted  for  age.  The  solid  lines  represent  the 
best  lit  regression  equations  below  the  figure. 

Since  there  was  no  difference  in  the  mean  hprt 
MF  between  the  groups,  it  is  possible  that  the 
controls,  consisting  of  fine  mechanics  and  labora¬ 
tory  personnel,  are  exposed  to  other  mutagens, 
not  detected  by  the  assay  which  was  used  for 
DNA  adduct  measurements. 

5.  The  relationship  between  hprt  MF  and 
genotypes  for  glutathione  5-transferase  jul  and 
N-acetyltransferase  2 

Several  studies  indicate  that  polymorphisms  of 
enzymes  involved  in  carcinogen  metabolism,  e.g. 
cytochrome  P450  1A1,  glutathione  5-transferase 


Table  4 

hprt  MF  and  aromatic  DNA  adduct  levels  in  bus  maintenance  workers  and  controls 


Study  groups 

No.  of  subjects 

MF  X  10h  (mean  ±  S.D.) 

Adducts/  10s  dNt  (mean  ±  S.D.) 

Bus  maintenance  workers 
All  subjects 

47 

8.6  ±4.7 

3.2-  1.0* 

Garage  workers 

16 

9.7  ±  5.8 

3.6  ±  1.3 

Mechanics 

25 

8.5  ±  4. 1 

3.0  -  0.9 

Others 

6 

6.4  ±  2.8 

2.6  ±  0.5 

Controls 

All  subjects 

22 

8.4  ±  4.9 

2.3  ±  0.5*' 

Fine  mechanics 

11 

9.6  ±  5.3 

2.3  +  0.5 

Laboratory  personnel 

11 

7.2  ±  4.5 

2.3  ±  0.5 

Data  from  [34J. 

*P< 0.001  for  difference 

between  bus  garage  workers 

and  controls. 
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(i  (GST jji)  and  A-acetyltransferase  2  (NAT2), 
may  confer  susceptibility  to  cancer  development 
in  response  to  environmental  and  occupational 
exposure  in  the  normal  population  (review  in 
[40]). 

GST/x  is  engaged  in  the  detoxification  of  many 
chemical  mutagens,  including  PAHs.  About  50% 
of  the  Scandinavian  population  [41]  are  homo¬ 
zygous  for  a  total  deletion  of  the 
GSTMl-gene,  causing  complete  GST/x  defici¬ 
ency.  Increased  frequencies  of  GSTM1(— /-) 
subjects  have  been  recorded  among  patients  with 
cancer  of  the  lung,  stomach,  colon  and  bladder 
[42-46]. 

NAT2  is  generally  considered  to  be  a  detoxify¬ 
ing  enxyme,  since  by  A-acetylation  of  aromatic 
amine  procarcinogens  it  competes  with  A-oxida- 
tion,  which  may  produce  DNA-reactive  inter¬ 
mediates.  The  acetylation  polymorphism  is  due 
to  the  occurrence  of  at  least  8  variant  NAT2 
alleles,  2  ‘rapid4  and  6  ‘slow’.  The  slow  acetyla¬ 
tion  phenotype  occurs  in  subjects  with  2  slow 
alleles  (s/s),  and  rapid  acetylation  in  subjects 
with  2  rapid  (r/r)  or  1  rapid  and  1  slow  (r/s) 
allele.  Slow  acetylation  has  been  associated  with 
bladder  cancer,  and  rapid  acetylation  with 
colorectal  cancer  (reviews  in  [47,48]).  In  a  recent 
study,  slow  acetylators  were  found  to  have  higher 
levels  of  4-aminobiphenyl-hemoglobin  adducts 
than  rapid  acetylators  [49].  The  genotype  fre¬ 
quency  for  slow  acetylators  (s/s)  is  about  60%  in 
the  Scandinavian  population  (Hou  et  al.,  un¬ 
published  data). 

It  was  hypothesized  that  subjects  with 
GSTM1(— /— )  and  NAT2(s/s)  genotypes,  due  to 
their  less  effective  detoxification  ability,  may 
acquire  higher  levels  of  DNA  adducts  and  hprt 
mutations,  albeit  such  effects  may  develop  over 
time,  and  depend  on  the  level  of  exposure  and, 
for  example,  smoking  habits.  To  test  this  hypoth¬ 
esis  we  determined  the  GSTM1  and  NAT2 
polymorphisms  in  the  healthy,  non-smoking  bus 
maintenance  workers  and  the  corresponding  con¬ 
trol  group  presented  above,  using  polymerase 
chain  reaction  (PCR)-based  screening  techniques 
[34]. 

In  the  study  population  as  a  whole, 
GSTMl(-/~)  subjects  showed  a  20%  higher 
mean  hprt  MF  than  the  GSTMl-positive  indi- 


Fig.  2.  Box  plot  of  hprt  mutant  frequencies  in  T  lymphocytes 
of  GST  Ml -negative  and  GSTMl-positive  bus  garage  work¬ 
ers  (data  from  Hou  et  al.  [34]).  +  .  the  8  GST-positive 
subjects;  the  8  GST-negative  subjects:  box.  25th.  50th 
(median)  and  75th  percentiles;  bars.  90th  and  10th  percen¬ 
tiles:  O,  outliers.  The  MFs  have  been  adjusted  for  age.  The  P 
value  for  the  difference  between  the  groups  is  P  <  0.049. 

viduals,  but  this  difference  was  not  statistically 
significant.  In  the  group  of  garage  workers  with 
the  highest  exposure,  8  subjects  with  GSTM1(-/ 
-)  genotype  were  found  to  have  a  significant 
increase  (P<0.05)  of  hprt  MF  as  compared  to 
the  8  GSTMl-positive  individuals  (Fig.  2).  No 
difference  with  regard  to  NAT2-genotype  was 
observed.  However,  when  the  combined  geno¬ 
types  were  considered,  the  18  subjects  with 
GSTM1(— /-)  and  NAT2(s/s)  genotype  showed 
a  higher  increase  of  MF  by  age  (3.1% /year)  as 
compared  to  the  other  3  genotype  combinations 
(2.4-2.5%  / year),  although  the  difference  was  not 
statistically  significant.  The  GSTM1  -negative 
slow  acetylators  also  showed  the  highest  adduct 
levels  [34]. 

Taken  together,  these  results  indicate  that 
GSTM1  and  NAT2  genotypes  may  play  a  role  in 
determining  the  individual  levels  of  hprt  MF  and 
DNA  adduct  levels.  However,  it  is  obvious  that 
larger  study  populations  with  well-defined  expo¬ 
sure  history  will  be  needed  to  establish  these 
relationships  in  quantitative  terms. 

6.  Types  of  mutation  in  bus  maintenance 
workers  and  controls 

The  significant  correlation  between  aromatic 
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DNA  adduct  levels  and  hprt  MF  in  the  bus 
maintenance  workers  suggested  a  possible  role  of 
these  adducts  in  mutation  induction.  Thus,  it  was 
of  interest  to  study  the  patterns  of  hprt  mutation 
in  these  subjects.  A  total  of  462  mutant  T-cell 
clones,  approximately  10  clones  from  each  of  29 
exposed  workers  and  14  control  subjects  were 
collected,  and  analysed  by  multiplex  PCR  for 
genomic  alterations,  and  by  reverse  transcriptase 
PCR  for  splicing  and  coding  errors  [50]. 

There  was  no  difference  between  the  exposed 
and  control  groups  with  regard  to  the  frequency 
of  deletions,  splicing  mutations  and  coding  er¬ 
rors.  In  total,  2.6%  of  the  mutants  showed  a 
genomic  deletion,  23%  were  splicing  mutations 
and  75%  were  coding  errors.  It  was  not  possible 
to  classify  135  of  the  462  mutants  (29%)  by  this 
crude  screening  method,  since  the  multiplex  PCR 
yielded  a  normal  band  pattern,  whereas  no  RT- 
PCR  product  was  obtained  (Table  5).  It  is 
possible  that  a  substantial  part  of  these  clones 
contain  splicing  mutations  which  gives  rise  to 
unstable  or  very  low  levels  of  hprt  mRNA. 

By  completion  of  the  molecular  analysis  of  this 
set  of  mutants  from  a  relatively  homogeneous 
and  well-characterized  human  population,  it  will 
be  possible  to  compare  the  patterns  of  hprt 
mutation  in  different  study  populations  (e.g.  [51- 
54],  and  gain  further  insight  into  background 


factors  which  determine  the  relationship  between 
somatic  mutation,  genetic  polymorphisms  and 
DNA  adduct  levels. 

7.  Conclusions 

Analysis  of  hprt  mutant  cells  in  peripheral 
blood  by  the  T-cell  cloning  assay  is  a  promising 
system  for  the  study  of  human  somatic  gene 
mutation.  However,  the  great  interindividual 
variations  in  background  frequency  of  hprt  muta¬ 
tion  need  to  be  explained.  As  shown  in  the 
present  studies,  polymorphisms  of  metabolizing 
enzymes  such  as  GST  Ml  and  NAT2  may  have 
some  influence  on  the  MF.  There  are  many  other 
candidate  enzymes  involved  in  metabolism  and 
DNA  repair  which  remain  to  be  studied  in  this 
respect. 

The  relationship  between  DNA  adduct  levels 
and  patterns  and  frequencies  of  mutation  is  an 
important  concept,  since  it  may  link  environmen¬ 
tal  exposure  with  genetic  effect  at  the  molecular 
level.  However,  this  relationship  is  not  likely  to 
be  simple,  since  both  adducts  and  mutations  are 
affected  by  a  number  of  independent  variables, 
such  as  chemical  stability  and  DNA  repair  in  the 
case  of  adducts,  and  the  complexity  and  turnover 
of  the  peripheral  lymphocyte  population  in  the 
case  of  the  mutations.  Thus,  no  relationship 


Tabic  5 


Types  of  hprt  mutation  in  bus  maintenance  workers  and  controls 


Method  of  analysis11 

No.  of  mutants  (% ) 

Types  of  mutation 

MP-PCR 

Total  studied 

462(100%) 

Abnormal 

12(2.6%) 

Deletion/rearrangement 

RT-PCR 

Total  studied 

462(100%) 

RT-PCR  negative 

139(30%) 

Normal  MP-PCR 

135 

Not  classified 

Abnormal  MP-PCR 

4 

Deletions  (same  as  above) 

RT-PCR  positive 

323(100%) 

Altered  hprt  cDNA 

Normal  MP-PCR 

74(23%) 

Splicing  mutations 

Abnormal  MP-PCR 

8 

Deletions  (same  as  above) 

Normal  hprt  cDNA 

241  (75%) 

Coding  errors 

Data  from  [50]. 

MP-PCR,  multiplex  PCR;  RT-PCR,  reverse  transcriptase  PCR. 
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between  06-guanine  adducts  and  hprt  mutation 
was  observed,  neither  in  the  styrene-exposed 
laminators,  nor  in  the  styrene  oxide-exposed  cells 
in  vitro,  although  both  biomarkers  did  increase 
in  response  to  exposure. 

In  contrast,  there  was  an  significant  correlation 
between  aromatic  DNA  adducts  and  hprt  muta¬ 
tion  in  the  bus  maintenance  workers,  and  similar 
results  have  been  reported  for  foundry  workers 
[27].  However,  none  of  these  studies  showed  a 
significant  effect  of  the  exposure  on  the  hprt  MF. 

It  is  clear  that  further  studies  are  needed  to 
explain  these  observations,  and  to  improve  our 
knowledge  about  background  factors,  environ¬ 
mental  as  well  as  host  factors,  which  influence 
the  frequency  and  rate  of  somatic  mutation  in 
vivo. 
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Abstract 


The  cytosine  DNA  methyltransferase  (MT)  enzyme,  which  catalyzes  DNA  methylation  at  CpG  sites  is 
overexpressed  at  the  mRNA  level  during  the  progressive  stages  of  colon  cancer.  This  paper  describes  the  adaption 

lun/  MT  IrtmifCr°aSSay  "TT  MT  e"Zyme  3Ctivity  during  tUmor  Passion  in  human  colon  and  murine 

lung.  MT  activity  was  progressively  elevated  in  mucosa  from  familial  adenomatosis  polyposis  patients  mucosa 

add-on  theTt-t’  “f  1”  adenocarcinomas  when  compared  to  colonic  mucosa  from  control  patients.  In 

addition,  the  activity  of  this  enzyme  was  increased  in  alveolar  type  II  but  not  Clara  cells  isolated  front  A/J  mice 

°  owmg  Ca™nogen  exP°sure  and  continued  to  increase  during  tumor  progression.  The  use  of  a  microassay  for 

^fTcUreT8^MTCtRMAnid,Caitea  tha*  ChangeS  enZyme  activity  were  in  general  agreement  with  previous  findings 

^evelpmS  §  COl°n  ^  Pr°SreSSi°n  “d  alS°  “P1™*65  *he  1"V0,V‘”  of  this  pathway 
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1.  Introduction 

5-Methylcytosine  modification  of  mammalian 
DNA,  both  in  CpG  islands  located  in  promoter 
regions  and  in  exons,  is  important  in  gene  regula¬ 
tion.  A  decrease  of  5-methylcytosine  in  5'  flank¬ 
ing  regions  or  in  exons  of  genes  has  been 
associated  with  increased  gene  transcription, 
while  an  increase  in  5-methylcytosine  can  result 
in  the  silencing  of  gene  expression  [1],  DeBustros 
et  al.  [2]  have  observed  substantial  hyper- 
methylation  within  specific  regions  of  chromo- 
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some  lip  in  small  cell  lung  cancers  and  lym¬ 
phomas.  This  hotspot  for  methylation  is  thought 
to  contain  putative  tumor  suppressor  genes. 
Furthermore,  in  one  chromosome  11  gene  ex¬ 
amined,  calcitonin,  the  increased  methylation  in 
the  tumor  cells  coincided  with  the  presence  of  an 
‘inactive’  chromatin  pattern  in  the  transcriptional 
regulatory  area  [3].  Distinct  hypermethylation  at 
17p  and  3p  has  also  been  observed  in  lung  and 
colon  cancers  [4].  The  hypermethylated  locus  on 
17p  was  mapped  to  17pl3.3.  The  region  con¬ 
taining  the  hypermethylated  locus  has  also  been 
recently  cloned  and  sequenced  [5].  The  gene 
identified,  HIC-1  (hypermethylated  in  cancer),  is 
a  strong  candidate  for  a  tumor  suppressor  gene 
at  this  locus. 
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Abnormal  methylation  has  also  been  ex¬ 
amined  during  the  progressive  stages  of  colon 
cancer.  Makos  et  al.  [4]  found  that  the  methyla¬ 
tion  of  the  17pl3.3  locus  harboring  the  HIC-1 
gene  was  detected  in  premalignant  colonic 
adenomas  and  increased  in  extent  during  colon 
cancer  progression.  Moreover,  hypermethylation 
at  this  locus  was  found  to  precede  allelic  loss. 
Thus,  these  studies  suggest  that  methylation 
patterns  may  change  within  specific  genes. 
Furthermore,  subsequent  gene  inactivation  with¬ 
in  these  chromosomal  loci  may  occur  prior  to 
clinical  cancer  and  contribute  to  the  develop¬ 
ment,  clonal  expansion,  and  progression  of 
initiated  cells. 

The  cytosine  DNA  methyltransferase  (MT) 
enzyme  catalyzes  DNA  methylation  at  CpG 
sites.  It  establishes  normal  methylation  patterns 
during  embryogenesis  and  reproduces  these  pat¬ 
terns  during  replication  of  adult  cells  [6].  MT 
expression  is  18-fold  higher  in  colon  cancers  than 
paired  adjacent  mucosa  and  13-fold  higher  in 
normal-appearing  mucosa  from  cancer  patients 
than  in  mucosa  from  individuals  without  tumors 
[7].  Thus,  increases  in  MT  activity  may  mediate 
abnormal  regional  increases  in  DNA  methylation 
that  could  lead  to  gene  inactivation  and  chromo¬ 
some  loss.  DNA  methylation  could  also  result  in 
changes  in  DNA  sequences,  because  methylated 
cytosine  is  a  highly  mutable  base  in  the  eukary¬ 
otic  genome  [8]. 

The  studies  described  above  have  used 
changes  in  gene  expression  detected  largely  by 
Northern  analysis  and  the  reverse  transcribed 
polymerase  chain  reaction  (RT-PCR)  to  measure 
MT  expression.  The  DNA  MT  gene  is  known  to 
be  controlled  by  both  posttranscriptional  [9]  and 
posttranslational  modifications  [10].  The  ability 
to  quantitate  the  activity  of  this  enzyme  follow¬ 
ing  carcinogen  exposure  and  in  microdissected 
lesions  during  tumor  progression  would  be  in¬ 
valuable  for  characterizing  the  involvement  of 
this  process  in  human  cancers.  This  paper  de¬ 
scribes  the  adaption  of  a  sensitive  microsassay 
for  examining  DNA  MT  activity  during  tumor 
progression  in  2  different  models,  human  colon 
and  murine  lung. 


2.  Materials  and  methods 

2.1.  DNA  MT  assay 

A  modification  of  the  assay  developed  by 
Adams  et  al.  [11]  was  used  to  determine  DNA 
MT  activity  [12].  All  tissues  and  cells  were  frozen 
in  liquid  nitrogen  immediately  following  resec¬ 
tion  or  isolation  and  then  stored  at  -  70°C  until 
use.  Three-tenths  to  5  mg  tissue  or  1  X  106  cells 
were  homogenized  using  a  glass  pestle  in  a  2.2-ml 
microfuge  tube  containing  500  fx  1  lysis  buffer  (50 
mM  Tris  (pH  7.8),  1  mM  EDTA,  1  mM  dithio- 
threitol,  0.01%  sodium  azide,  6  mg/ 100  ml 
phenylmethyl  sulfonyl  fluoride,  10%  glycerol, 
and  1%  Tween  80).  This  suspension  was  passed 
through  a  25-gauge  needle,  frozen  to  —  70  C, 
and  then  thawed  to  37°C.  The  freeze-thaw  cycle 
was  repeated  3  times.  Protein  concentration  was 
determined  by  the  Bradford  assay. 

Cell  lysates  containing  5  fxg  protein  were 
mixed  with  0.5  jx g  poly  deoxyinosine-deoxycytid- 
ine  (dl-dC)  template  (Pharmacia,  Inc.,  Piscata- 
way,  NJ)  and  3  yuCi  :,H  S-adenosyl  methionine 
(SAM,  Amersham,  Arlington  Heights,  IL)  in  a 
total  volume  of  20  /x\  and  incubated  at  37  C  for  2 
h.  Reactions  were  stopped,  protein  extracted, 
and  the  poly  dl-dC  template  recovered  by  etha¬ 
nol  precipitation  as  described  [12].  RNA  was 
removed  by  resuspension  of  the  precipitates  in 
NaOH;  DNA  (poly  dl-dC)  was  spotted  on  What¬ 
man  filters,  dried,  then  washed  with  trichloro¬ 
acetic  acid  followed  by  70%  ethanol.  Filters  were 
placed  in  scintillation  cocktail  and  MT  activity, 
measured  as  H  incorporation,  was  determined 
by  scintillation  counting.  Because  of  differences 
in  the  radiochemical  purity  of  the  SAM,  varia¬ 
tions  in  MT  activity  were  observed  across  assays. 
Therefore,  each  experiment  was  standardized 
using  a  positive  control  (whole  cell  lysate  from 
HT1080,  a  cell  line  derived  from  a  human  os¬ 
teosarcoma).  In  order  to  exclude  background 
protein  activity  and  RNA  methylation,  all  sam¬ 
ples  were  assayed  with  a  negative  control  con¬ 
taining  the  whole  cell  lysate,  but  no  poly  dl-dC 
template.  Results  were  expressed  as  dpm/yug 
protein.  All  assays  were  performed  in  duplicate. 
Limit  of  detection  was  20  dpm  above  background 


S.A.  Belinsky  el  al.  /  Toxicology  Letters  82183  (1993)  335-340 


337 


levels.  Statistical  assays  were  performed  using  a 
Student’s  r-test. 

2.2.  Isolation  of  lung  cells  and  microdissection 
of  tumors 

A/J  mice,  6-8  weeks  old  (Jackson  Laboratory, 
Jackson,  MS)  were  treated  3  times  (every  other 
day)  with  the  tobacco-specific  carcinogen  4- 
methylnitrosamino-l-(3-pyridyl)-l-butanone  (N- 
NK,  50  mg/kg,  i.p.).  Animals  were  sacrificed  1,  3, 
7,  and  14  days  after  treatment.  Lungs  from  18 
mice  were  pooled  for  isolation  of  alveolar  type  II 
and  Clara  cells  as  described  [13].  A  lung  cell 
digest  was  obtained  by  instilling  a  1%  solution  of 
protease  I  (Sigma  Chemical  Co.,  St.  Louis,  MO) 
via  the  trachea  into  lungs  that  were  cleared  of 
blood  by  perfusion  with  4-(2-hydroxyethyl)-l- 
piperazineethanesulfonic  acid-buffered  salt  solu¬ 
tion  (HpBS).  Inflated  lungs  were  incubated  with 
protease  for  5  min  at  37°C  and  the  digested  tissue 
minced  into  small  pieces  (approximately  1  mm  ) 
with  scissors.  The  volume  of  the  cell  suspension 
was  increased  to  approximately  75  ml  by  adding 
HpBS:F12K  medium  (2:1)  containing  bovine 
serum  albumin  (1%),  soybean  trypsin  inhibitor 
(100  mg.  Sigma),  and  DNAse  I  (50  mg,  Sigma). 
This  cell  suspension  was  degassed,  stirred  to 
dissociate  clumps  of  cells,  and  filtered  consecu¬ 
tively  through  2  layers  of  cheesecloth,  1  layer  of 
160-/im  nylon  mesh,  and  1  layer  of  40-//,m  nylon 
mesh.  This  cell  suspension  was  layered  onto  fetal 
bovine  serum  (Sigma)  and  centrifuged  for  12  min 
at  200  X  g.  The  cell  pellet  was  resuspended  in 
HpBS:Hams  F12K  medium  containing  0.05% 
DNAase  I.  Enriched  populations  of  alveolar  type 
II  and  Clara  cells  were  then  isolated  from  the  cell 
digest  by  centrifugal  elutriation  using  a  Standard 
chamber  (Beckman,  Fullerton,  CA)  and  further 
purified  by  a  second  elutriation  using  a  Sander¬ 
son  chamber.  Alveolar  type  II  and  Clara  cells 
were  71  ±  2  and  72  ±  2%  pure,  respectively,  by 
this  procedure.  Three  aliquots  of  type  II  and 
Clara  cells  (1  x  106  each)  were  frozen  at  -  80°C 
in  lysis  buffer.  The  remaining  cells  were  pelleted 
and  frozen  at  -  80°C  for  future  studies. 

Lung  tumors  were  induced  [14]  by  the  treat¬ 
ment  of  mice  3  times  a  week  for  7  weeks  with 


NNK  (50  mg/kg,  i.p.).  Tumors  were  microdis- 
sected  from  lungs  20,  28,  36,  44,  and  52  weeks 
after  initiation  of  treatment,  frozen  in  liquid 
nitrogen,  and  stored  at  —  80°C. 

3.  Results  and  discussion 

3.1.  Standardization  of  the  DNA  MT  assay 
The  MT  assay  was  standardized  with  respect  to 
incubation  time  and  cellular  protein.  The  en¬ 
zymatic  activity  was  linear  through  4  h  of  incuba¬ 
tion  at  37°C  ([12],  data  not  shown)  and  between  1 
and  8  fig  protein  (Fig.  1 ).  Linearity  was  observed 
with  protein  obtained  from  HT1080,  alveolar  type 
II,  and  Clara  cells,  and  lung  tumors.  The  plateau 
in  activity  was  not  due  to  depletion  of  the  poly 
dl-dC  template  or  SAM,  because  increasing 
amounts  of  these  substrates  did  not  affect  the  rate 
of  product  formation  [12].  This  plateau  most  like¬ 
ly  results  from  the  natural  breakdown  product  of 
SAM,  S-adenosyl-homocysteine,  which  is  a  strong 
inhibitor  of  all  transmethylation  reactions  [15].  To 
avoid  any  plateau  effect,  assays  were  conducted 
with  5  jmg  protein  for  2  h. 


fig  Protein 

Fig.  1.  Standardization  of  the  DNA  melhyltranslerase  assay. 
Cellular  protein  (1-12  /ig)  from  HT1080  cells  was  incubated 
with  substrates  as  described.  All  samples  were  assayed  in 
duplicate.  Typical  experiment. 
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3.2.  DNA  MT  activity  during  colon  cancer 
progression 

DNA  MT  activity  was  determined  in  15  mat¬ 
ched-pair  specimens  of  colonic  adenocarcinomas 
and  adjacent,  uninvolved  mucosa.  MT  activity 
was  also  determined  in  normal-appearing  colonic 
mucosa  of  11  control  patients  and  in  mucosa 
from  11  patients  with  familial  adenomatous  poly¬ 
posis  (FAP).  MT  activity,  when  compared  to 
mucosa  of  control  patients,  was  significantly  (P 
<  0.05)  elevated  1.4-,  1.6-,  and  5.4-fold  in  the 
mucosa  from  FAP  patients,  mucosa  adjacent  to 
cancers,  and  in  colonic  adenocarcinomas,  respec¬ 
tively  (Fig.  2).  MT  activity  was  also  measured  in 
an  established  colon  carcinoma,  a  benign 
adenomatous  polyp,  and  uninvolved  mucosa 
from  one  patient.  Enzyme  activity  increased  in 
parallel  to  progression  of  the  disease  in  this 
patient.  The  greater  difference  for  DNA  MT 
transcript  levels  compared  to  MT  activity  during 
the  progressive  stages  of  colon  cancer  could  stem 
from  the  assays  employed.  The  RT-PCR  assay 
that  was  used  to  determine  transcript  levels  is 
only  semiquantitative  and  may  over-amplify  the 
differences  in  transcript  levels  between  normal 
mucosa  and  adenocarcinomas.  Alternatively, 
posttranscriptional  and  posttranslational  modifi- 


To  Cancer 

Fig.  2.  DNA  mcthyltransfcrase  activity  in  colon  cancer  and 
mucosa.  MT  activity  was  determined  as  described  in  Materi¬ 
als  and  methods.  Values  are  means  from  11-15  samples.  The 
range  of  MT  activity  for  each  group  is  described  in  Ref.  [12]. 


cations  of  the  MT  gene  could  account  for  the 
observed  differences.  However,  the  changes  in 
MT  activity  were  in  general  agreement  with 
previous  findings  of  increased  MT  mRNA  levels 
during  colon  cancer  progression  [7]  and,  there¬ 
fore,  support  the  use  of  this  microassay  as  a  tool 
for  characterizing  MT  activity  during  initiation 
and  tumor  progression. 

3.3.  DNA  MT  activity  following  carcinogen 
exposure  and  during  lung  tumor  progression 

The  A/J  mouse  is  a  proven  model  for  studying 
tumor  progression.  Treatment  of  these  mice  with 
NNK  induced  lesions  that  were  first  detected  as 
alveolar  epithelial  hyperplasias  involving  alveolar 
type  II  cells.  The  majority  of  these  hyperplastic 
lesions  progress  to  pulmonary  adenomas,  then  to 
carcinomas  [16].  In  addition,  one  genetic  altera¬ 
tion  that  is  frequently  detected  in  the  hyper¬ 
plasias  and  tumors  is  activation  of  the  K -ras  gene 
by  a  GGT  to  GAT  mutation  in  codon  12  [16,17]. 
Activation  of  the  K-ras  gene  is  also  involved  in 
30%  of  human  pulmonary  adenocarcinomas  [14]. 
Although  benign  tumors  are  rarely  detected  in 
human  lung  cancer,  studies  by  Auerbach  et  al. 
[18]  demonstrated  a  high  frequency  for  premalig- 
nant  histologic  changes  that  ranged  from  hy¬ 
perplasia  and  metaplasia  to  severe  dysplasia 
throughout  the  bronchial  mucosa  from  cigarette 
smokers.  Thus,  this  murine  model  was  used  to 
characterize  MT  activity  in  the  lung  following 
carcinogen  exposure  and  during  tumor  progres¬ 
sion. 

MT  activity  was  determined  in  target  (type  II) 
and  nontarget  (Clara  cell)  cells  for  lung  tumor 
development  in  A/J  mice  following  treatment 
with  NNK.  Endogenous  activity  of  MT  was 
similar  between  type  II  and  Clara  cells.  One  day 
following  treatment,  MT  activity  was  increased 
significantly  in  type  II  cells  and  continued  to 
increase  for  at  least  1  week.  No  effect  on  MT 
activity  following  NNK  treatment  was  observed 
in  Clara  cells.  Moreover,  enzyme  activity  was  4 
times  greater  in  type  II  cells  than  in  Clara  cells  1 
week  after  cessation  of  NNK  (Belinsky,  unpub¬ 
lished). 

The  mass  distribution  of  lesions  analyzed  for 
MT  activity  varied  from  0.3-5. 0  mg.  Based  on 
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the  previously  established  tumor  progression 
model  [16],  lesions  with  the  smaller  mass  (0.3- 
0.5  mg)  were  predominantly  hyperplasias  and 
small  adenomas;  adenomas  and  carcinomas  were 
most  prevalent  in  the  0. 6-1.5  and  3. 1-5.0  mg  size 
ranges,  respectively.  The  enzyme  activity  in¬ 
creased  in  direct  proportion  to  the  size  of  the 
lesions  (Belinsky,  unpublished).  This  increase  in 
MT  activity  during  murine  lung  tumor  progres¬ 
sion  paralleled  that  observed  in  human  colon 
cancer  [7].  The  marked  increase  in  MT  activity  in 
type  II  cells  and  during  tumor  progression  may 
modulate  the  methylation  state  of  key  regulatory 
genes  and  promote  the  selective  clonal  expansion 
of  ras  initiated  cells. 

4.  Conclusions 

The  use  of  a  microassay  for  measuring  MT 
activity  has  advantages  over  Northern  analysis 
and  RT-PCR.  It  allows  the  quantitation  of  en¬ 
zyme  activity,  thereby  eliminating  posttranscrip- 
tional  and  posttranslational  influences  on  pro¬ 
cessing  of  DNA  and  RNA.  The  assay  can  also  be 
conducted  with  small  amounts  of  tissue  (0.3  mg) 
or  cells  (1  X  106)  which  facilitate  the  study  of 
polyps,  dysplastic  and  metaplastic  lesions,  and 
carcinoma  in  situ. 

The  use  of  a  microassay  for  measuring  MT 
activity  has  revealed  that  changes  in  the  activity 
of  this  pathway  occur  prior  to  the  development 
of  alveolar  hyperplasia  and  are  localized  to  the 
type  II  cells  of  the  A/J  mouse  lung.  The  detec¬ 
tion  of  increased  MT  activity  in  this  murine  lung 
cancer  model  further  supports  the  hypothesis 
that  deregulation  of  this  process  may  serve  to 
promote  genomic  instability  and  contribute  to 
the  progressive  chromosomal  losses  and  gene- 
specfic  methylation  seen  in  human  cancer.  Re¬ 
cent  studies  have  implicated  changes  in  methyla¬ 
tion  in  affecting  the  function  of  one  candidate 
tumor  suppressor  gene,  pi 6  .  I  he  pi 6 

gene,  localized  to  9p21,  is  homozygously  deleted 
in  multiple  tumor  cell  lines  [19,20]  and  hemizyg- 
ous  deletions  are  observed  in  some  lung  tumors 
[21,22].  Recent  studies  also  indicate  that  aberrant 
promoter  region  methylation  may  play  a  role  in 
pl61NK4a  gene  inactivation  [23].  There  was  a 


direct  correlation  for  pl6INK4a  gene  hyper- 
methylation  and  loss  of  pl61NK4a  gene  expression 
in  non-small-cell  lung  cancers.  In  addition,  loss  of 
heterozygosity  within  a  region  on  mouse  chromo¬ 
some  4  syngeneic  to  human  chromosome  9p21-22 
was  observed  in  50%  of  carcinomas  induced  in 
C3AF,  mice  by  NNK  [24]. 

The  marked  increase  in  MT  activity  detected 
by  this  microassay  in  alveolar  type  II  cells  follow¬ 
ing  treatment  with  NNK  suggests  that  changes  in 
the  expression  of  this  gene  could  be  useful  as  an 
early  marker  for  premalignancy.  A  nonradioac¬ 
tive,  rapid  (1  day)  in  situ  hybridization  technique 
was  developed  to  compare  MT  gene  expression 
to  gene  activity  during  lung  tumor  progression. 
An  antisense  24  bp  oligonucleotide  from  the  5' 
end  of  the  murine  MT  gene  was  synthesized  with 
6  biotin  molecules  (hyperbiotinylated)  at  the  3' 
end  via  direct  coupling.  Strong  hybridization 
signals  were  seen  in  hyperplasias,  adenomas,  and 
adenocarcinomas  within  the  lungs  of  A/J  mice 
(Nikula,  unpublished).  Studies  are  in  progress  to 
determine  whether  increased  MT  expression  can 
be  detected  in  individual  type  II  cells  prior  to 
development  of  hyperplasias. 
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Abstract 

Physiologically  based  pharmacokinetic  (PB-PK)  models  have  been  used  to  study  the  mechanisms  of  disposition 
of  drugs  and  xenobiotics  for  almost  70  years.  Their  widespread  application  in  toxicology  began  15  years  ago  with 
models  for  polychlorinated  biphenyls  and  other  persistent  lipophilic  compounds.  Quantitative  applications  of 
PB-PK  models  in  carcinogen  risk  assessment  date  to  the  development  of  a  number  of  PB-PK  models  for 
dichloromethane  in  the  mid  1980s.  The  expanding  use  of  these  models  is  primarily  related  to  their  ability  to  make 
more  accurate  predictions  of  target  tissue  dose  for  different  exposure  situations  in  different  animal  species, 
including  humans,  and  to  evaluate  quantitatively  the  mechanisms  of  disposition  of  chemicals  within  the  body.  This 
paper  discusses  contemporary  uses  of  PB-PK  modeling  in  the  context  of  risk  assessment  with  xenobiotics  and  of 
safety  assessment  with  drugs. 

Keywords:  Pharmacokinetics;  PB-PK  models;  Risk  assessment;  Extrapolation;  Dioxin;  Retinoids;  Safety  assessment 


1.  Introduction 

1.1.  Historical  perspective  on  the  development  of 
physiologically  based  pharmacokinetic  (PB-PK) 
modeling 

The  systematic  application  of  PB-PK  modeling 
to  a  class  of  compounds  began  with  studies  of 
volatile  anesthetics.  In  1924,  Haggard  [1] 
modeled  the  uptake  and  distribution  of  dieth- 
ylether  and  similar  anesthetic  agents  using  a 
fairly  simple  model  that  specified  the  role  of 
ventilation,  blood  flow,  and  blood:air  solubilities 
in  chemical  uptake  into  the  body.  Further  work 
on  PB-PK  modeling  with  anesthetic  gases  was 
done  by  Kety  [2],  Mapleson  [3],  and  Riggs  [4]. 
Fiserova-Bergerova  [5]  extended  these  models  to 


metabolized  gases  of  occupational  interest  in  the 
1970s. 

The  development  of  PB-PK  models  for  phar¬ 
maceuticals  dates  from  the  1930s  and  the  work  of 
Teorrel  in  Sweden  [6].  He  systematically  de¬ 
scribed  the  factors  governing  the  disposition  of  a 
drug  in  the  body  and  outlined  the  relevant  mass- 
balance  equations  required  to  forecast  drug  con¬ 
centrations  over  time.  Unfortunately,  existing 
computational  methods  only  permitted  the  solu¬ 
tion  of  these  equations  for  very  simple  cases. 
Chemical  engineers  began  working  with  these 
PB-PK  models  around  1970  and  applied  these 
physiological  techniques  to  forecasting  the  dispo¬ 
sition  of  various  chemotherapeutic  agents  [7].  By 
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this  time  there  were  significant  improvements  in 
computational  techniques  allowing  these  systems 
of  mass-balance  equations  to  be  solved  by  nu¬ 
merical  techniques.  A  review  of  applications  of 
PB-PK  models  for  drugs  was  published  in  1983 
[8], 

In  toxicology,  PB-PK  models  were  used  by 
chemical  engineers  to  study  the  pharmacoki¬ 
netics  of  lipophilic  chemicals,  including  poly- 
halogenated  biphenyls  [9],  Kepone'  [10],  and 
2,3,7,8-tetrachlordibenzofuran  [11].  Toxicologists 
interested  in  chemical  risk  assessment  then  ap¬ 
plied  PB-PK  modeling  to  certain  volatile  organic 
compounds  (VOCs)  that  had  been  demonstrated 
to  cause  cancer  in  experimental  animals.  The  first 
quantitative  use  of  these  PB-PK  models  in  risk 
assessment  was  with  methylene  chloride  (DCM; 
dichloromethane),  where  a  PB-PK  model  was 
used  to  estimate  tissue  dose  of  reactive  metabo¬ 
lites  [12].  Since  the  work  with  DCM,  PB-PK 
approaches  have  been  used  with  a  variety  of 
other  compounds  to  support  dosimetry  estimates 
in  humans  as  part  of  the  contemporary  risk 
assessment  process  [13,14]. 

2.  PB-PK  modeling  in  risk  assessment 

Risk  assessment  consists  of  4  parts:  hazard 
identification,  dose-response  assessment,  expo¬ 
sure  assessment,  and  risk  characterization.  Haz¬ 
ard  identification  relies  on  animal  studies  and 
epidemiological  research  to  identify  the  toxic 
effects  of  chemicals.  When  animal  studies  form 
the  basis  of  the  risk  assessment,  the  relationships 
between  exposure  intensity  and  response  is  first 
established  in  animals  and  an  acceptable  expo¬ 
sure  concentration  for  people  is  calculated  based 
on  some  prescribed  set  of  steps.  This  process  of 
defining  the  acceptable  human  exposure  level  is 
part  of  the  dose-response  assessment.  The  pre¬ 
scribed  steps  are  referred  to  as  default  methods, 
i.e.,  the  steps  used  on  a  routine  basis  in  the 
absence  of  evidence  that  suggests  that  another 
risk  assessment  approach  might  be  more  reason¬ 
able.  The  current  default  cancer  dose-response 
assessment  procedures  presume  linear  low-dose 
extrapolation  and  apply  a  surface  area  correction 


for  interspecies  extrapolation.  The  surface  area 
correction  effectively  assumes  that  humans  are 
about  12  times  more  sensitive  than  mice  or  6 
times  more  sensitive  than  rats  to  a  given  daily 
dose  (in  mg/kg/day)  of  carcinogen.  In  the  past, 
these  extrapolation  procedures  have  been  used 
for  all  carcinogens  regardless  of  their  mecha¬ 
nisms  of  dosimetry  or  their  mechanisms  of  toxici¬ 
ty- 

in  recent  years  there  has  been  a  continued 
effort  to  improve  the  scientific  basis  of  both 
cancer  and  non-cancer  dose-response  assess¬ 
ments  by  incorporating  information  about  phar¬ 
macokinetics  -  the  detailed  mechanisms  by 
which  chemicals  are  distributed  from  the  external 
environment  to  target  tissues;  and  phar¬ 
macodynamics  -  the  detailed  mechanisms  by 
which  target  tissue  doses  are  transformed  into 
adverse  biological  responses.  Insights  derived 
from  PB-PK  models  have  been  used  to  augment, 
refine  or  displace  the  current  default  risk  assess¬ 
ment  methods.  In  developing  PB-PK  models,  a 
number  of  biological  parameters  are  required  in 
the  animal  species  of  interest  (Fig.  1).  They 
include:  (1)  physiological  parameters,  such  as 
blood  flows,  pulmonary  ventilation,  organ  vol¬ 
umes,  and  growth  characteristics;  (2)  biochemical 
parameters,  such  as  partition  coefficients,  tissue 
binding  constants,  rates  of  metabolism  and  tissue 
clearances;  and  (3)  experimental  parameters 
associated  with  routes  and  duration  of  exposure 
and  timing  of  sampling  for  tissues  and  excreta. 

3.  PB-PK  model-based  extrapolations 

Extrapolation  strategies  are  predicated  on  the 
ability  to  assign  causality  between  chemical  expo¬ 
sure  and  a  biological  effect  and  to  identify  the 
form  of  the  chemical  responsible  for  the  effect. 
DCM  is  an  important  solvent  used  in  many 
industries.  Inhalation  studies  in  mice  showed  that 
DCM  increased  the  incidence  of  cancer  in  the 
liver  and  in  the  lungs.  In  1987,  a  risk  assessment 
strategy  was  proposed  for  DCM  based  on  a 
PB-PK  model  [12].  This  risk  assessment  used 
biological  information  to  infer  the  putative  car¬ 
cinogenic  metabolite  and  a  PB-PK  model  to 
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Fig.  1.  An  idealized  schematic  for  PB-PK  model  develop¬ 
ment:  the  steps  involved  are:  (1)  specification  of  the  model 
based  on  the  anatomical /physiological  structure  of  the  ani¬ 
mal:  (2)  parameterization  of  the  model  with  physiological, 
physico-chemical,  and  biochemical  constants;  and  (3)  simula¬ 
tion  of  behavior  that  can  be  tested  against  actual  kinetic  data 
from  the  animals.  If  the  predictions  deviate  significantly, 
changes  in  the  model  structure,  consistent  with  physiological 
and  biological  processes,  may  have  to  be  considered. 


assess  the  tissue  exposure  to  the  metabolite 
under  diverse  exposure  situations  in  different 
animal  species. 

The  metabolic  pathways  and  kinetic  parame¬ 
ters  of  DCM  biotransformation  were  already 
well  established  [15].  DCM  is  oxidized  by  a 
cytochrome  P450-mediated  reaction  and  conju¬ 
gated  with  glutathione  by  a  glutathione  S-trans- 
ferase  (GST)-dependent  pathway.  Based  on 
tumor  formation  dose-response  data  and  specific 
studies  of  the  mutagenicity  of  DCM  in  the 
presence  of  glutathione,  DCM  carcinogenicity 
was  correlated  with  products  of  the  GST  path¬ 
way.  Therefore,  the  PB-PK  model  was  designed 
to  account  for  administration  by  inhalation  and 
gavage  in  water,  GST-related  DCM  metabolism 
in  target  tissues  (liver  and  lung),  and  species 
differences  in  PK  processes. 

PB-PK  models  provide  an  alternative  ap¬ 
proach  to  extrapolations  by  predicting  target 
tissue  doses  at  low  chemical  concentrations  and 
in  different  species,  including  humans.  These 


extrapolations  depend  on  the  manner  in  which 
physiological  and  biochemical  parameters  change 
between  a  test  animal  species  and  people.  Phys¬ 
iological  parameters  change  fairly  coherently,  but 
metabolic  parameters  are  more  dependent  on  the 
nature  of  specific  enzymes  in  different  species. 
Metabolic  parameters  need  to  be  measured  in 
tissues  from  both  test  animals  and  humans. 
These  measurements  have  been  made  for  DCM 
and  permit  development  of  PB-PK  models  for 
mice  and  humans.  The  estimated  tissue  exposure 
to  GST  pathway  metabolites  from  the  completed 
DCM  model  for  mice  and  humans  was  used  in  a 
risk  assessment  and  indicated  that  the  default 
procedures  overestimated  the  risk  posed  to 
humans  from  ingestion  or  inhalation  of  this 
solvent  by  100-  to  200-fold  [12].  These  differ¬ 
ences  were  associated  with  non-linearities  in  the 
contribution  of  the  GST  pathway  at  lower  doses 
and  the  lower  activity  of  GST  isoforms  in  human 
as  compared  to  mouse  tissues.  Since  this  initial 
work  with  DCM,  there  has  been  rapid  develop¬ 
ment  of  a  number  of  PB-PK  models  for  different 
types  of  toxic  chemicals.  The  list  in  Table  1  from 
Leung  [13]  is  already  seriously  dated.  Continuing 
applications  in  the  pharmaceutical  area  are  dis¬ 
cussed  by  Sugiyama  in  this  workshop  [16]. 


4.  Target  tissue  dose 

Models  do  not  exist  in  a  vacuum.  They  are 
developed  to  evaluate  some  problem.  The  PB- 
PK  models  described  here  are  intended  to  evalu¬ 
ate  the  relationship  between  external  exposure, 
target  tissue  dose,  and  biological  outcome.  A 
critical  design  criterion  then  is  that  the  model 
actually  predicts  the  correct  measure  of  tissue 
dose.  Target  tissue  dose  has  to  be  defined  in  light 
of  our  understanding  of  the  biological  mecha¬ 
nisms  associated  with  toxicity  or  with  therapeutic 
efficacy.  Thus,  development  of  pharmacokinetic 
models  for  risk  assessment,  efficacy  studies,  or 
safety  assessment  requires  some  understanding 
of,  or  presumption  about,  the  mechanistic  steps 
intervening  between  absorption  of  parent  chemi¬ 
cal  and  the  expression  of  the  relevant  biological 
effect  of  the  compound. 
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Tabic  1 

Environmental  toxicants  with  PB-PK  models  -  1991  [13] 


Benzene 

Kepone 

2-Butoxyethanol 

2-Iodo-3,7,8-trichlorodibenzo-/;-dioxin 

Carbon  tetrachloride 

Lead 

Chloroform 

Melhvlethviketone 

Chlo  ro  pent  a  fl  uo  robe  nzene 

Nickel 

1,2-DichIoroethane 

Polychlorinated  biphenyls 

1.2-Dichloroelhylene 

Styrene 

Dichloromethane 

2,3,7.8-Tetrachlorodibenzo-/>-dioxin 

Dieldrin 

2.3,7.8-TetrachIorodibenzofuran 

1 ,2-Dioxane 

Telrachloroethvlene 

2.2^4,4\5.5'~Hexachlorobiphenyl 

1,1,1-Trichloroethane 

Hexane 

Trichloroethylene 

With  DCM,  the  measure  of  target  tissue  dose 
was  the  amount  of  metabolites  formed  from  the 
GST  conjugation  pathway  per  day  per  unit 
volume  of  the  target  tissues.  Association  of  this 
pathway  with  toxicity  was  not  accomplished  with 
pharmacokinetic  studies.  A  variety  of  biological 
research  and  dose-response  studies  were  re¬ 
quired  to  generate  the  hypothesis  of  GST-related 
carcinogenicity.  The  PB-PK  model  integrates 
these  observations  and  other  pertinent  informa¬ 
tion  to  predict  exposure  concentrations  that  are 
likely  to  be  safe  and  those  that  are  likely  to  lead 
to  toxicity.  There  are  many  potential  measures  of 
tissue  dose.  Even  within  a  class  of  chemicals,  the 
relevant  measure  of  tissue  dose  may  vary  from 
compound  to  compound.  With  chloroform 
(CHC13),  oxidative  metabolites  are  more  directly 
related  to  toxicity  and  should  be  the  focus  of  the 
PB-PK  models  [17].  Among  the  potential  dose 
metrics  for  drugs  are  tissue  concentrations,  the 
integrated  target  tissue  exposure  to  the  drug  or 
to  active  metabolite,  or  the  extent  of  occupancy 
of  critical  receptors. 

5.  PB-PK  modeling  and  receptor-mediated 
toxicity 

Chemicals  interact  with  biological  targets  to 
initiate  a  chain  of  events  leading  eventually  to 
organism  level  effects  regarded  as  beneficial 
(drugs)  or  deleterious  to  health  (toxic  com¬ 
pounds).  These  interactions  can  be  associated 


with  direct  reactivity  with  target  molecules  or 
with  the  binding  of  the  compound  to  a  specific 
receptor.  In  the  toxicology  community  there  has 
been  increasing  interest  in  tailoring  risk  assess¬ 
ment  approaches  to  compounds  that  interact 
with  membrane-localized  or  cytoplasmic  recep¬ 
tors.  The  best  example  of  this  initiative  is  with 
dioxin  (TCDD;  2,3,7,8-tetrachlorodibenzo-p- 
dioxin). 

Dioxin  interacts  with  a  cellular  protein  aggre¬ 
gate  consisting  of  the  Ah  receptor,  2  molecules 
of  heat  shock  protein,  and  at  least  one  other 
protein.  The  complex  formed  between  the  Ah 
receptor,  dioxin,  and  the  Ah  receptor  nuclear 
translocator  protein  (Arnt),  alters  transcription 
of  some  cellular  proteins  by  binding  to  dioxin 
response  elements  (DREs)  in  promoter  regions 
of  specific  genes.  Among  the  genes  transcription¬ 
ally  regulated  by  the  Ah  receptor-dioxin  complex 
(although  not  necessarily  in  concert  with  Arnt) 
are  several  that  regulate  cell  growth  and  differen¬ 
tiation,  critical  processes  which  are  altered  by 
dioxin  as  part  of  its  broad  spectrum  toxicity  on 
multiple  organ  systems,  including  action  as  a 
hepatic  tumor  promoter.  Thus,  the  receptor-me¬ 
diated,  gene-transcription  mechanism  of  toxicity 
for  dioxin  is  known  in  general,  but  many  of  the 
details  are  lacking,  partly  at  least,  because  the 
biological  role  of  the  receptor  and  the  identity  of 
its  natural  ligand(s)  have  not  been  established. 

Models  have  been  developed  at  several  differ¬ 
ent  levels  of  detail,  including  empirical  descrip- 
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Fig.  2.  Schematic  of  the  mechanistic  determinants  of  dioxin 
accumulation:  dioxin  accumulates  in  the  liver  due  to  parti¬ 
tioning  (non-specific  binding)  and  specific  binding  to  both  the 
Ah  receptor  and  CYP  1A2.  In  addition,  CYP  1A2  is  under 
transcriptional  control  by  the  Ah  receptor-dioxin  complex, 
leading  to  non-linear  effects  on  dioxin  distribution. 


Fig.  3.  Predicted  relationship  between  the  normalized  liver 
concentration  of  dioxin  and  administered  dose  from  a  PB-PK 
model.  Data  from  Abraham  et  al.  [23]  for  concentrations  of 
dioxin  in  liver  and  fat  in  rats  168  h  after  s.c.  injection  of 
various  dose  levels  of  dioxin.  Smooth  curves  are  predictions 
from  a  PB-PK  model  [16]  that  included  CYP  1A2  induction. 
The  placement  of  curves  along  the  dose  axis  and  the  overall 
shape  of  these  curves  permits  inferences  about  the  binding 
affinities  and  capacities  of  dioxin  for  the  Ah  receptor  and 
CYP  1A2.  The  accuracy  of  the  inferences,  of  course,  depends 
on  the  fidelity  of  the  model  with  the  actual  biology. 


tions  that  look  at  distributional,  non-linearities 
from  a  physiological  perspective  [18],  physiologi¬ 
cal  models  that  capture  the  solubility  characteris¬ 
tics  of  dioxin  [19],  and  the  more  comprehensive 
PB-PK  models  that  consider  induction  of  several 
gene  products  [20-22].  One  of  the  proteins 
regulated  by  the  dioxin -Ah  receptor  complex 
binds  dioxin.  This  protein  is  believed  to  be 
cytochrome  P450  1A2  (CYP  1A2).  PB-PK 
models  accounting  for  dose-dependent  distribu¬ 
tion  of  dioxin  between  liver  and  fat  have  to 
account  for  the  time-dependent  changes  in  CYP 
1A2  due  to  induction.  Thus,  the  tissue  compart¬ 
ments  in  the  PB-PK  model  (Fig.  2)  for  dioxin 
have  to  include  gene  induction,  a  phar¬ 
macodynamic  process.  Quantitative  PB-PK/ gene 
induction  models  for  dioxin  must  express  this 
induction  in  reasonable  biological  detail  and  in 
mathematical  formulae  that  can  predict  the  ex¬ 
tent  of  induction  at  various  dioxin  doses  and  in 
various  species. 

In  the  induction  models  dioxin  first  binds  to 
the  Ah  receptor  and  this  dioxin -Ah  complex 
then  binds  to  DREs.  The  equations  for  the  rate 
of  change  of  the  amount  of  CYP  1A2  in  the  liver 
include  synthesis  rates  and  degradation  rates  of 
the  binding  protein.  Induction  is  modeled  as  an 
increase  in  the  rate  of  synthesis,  consistent  with 
transcriptional  activation,  that  increases  to  a 
maximum  when  all  DRE  promotional  sites  are 
occupied.  The  increase  in  rate  of  synthesis  de¬ 
pends  on  the  concentration  of  the  Ah- dioxin 
complex  according  to  the  DKE-Ah  complex 
dissociation  constant  and  a  Hill-coefficient  for 
binding  of  the  complex  to  the  DNA-DRE  sites. 
This  CYP  1A2  induction  model  is  substantially 
simplified  compared  to  known  biological  pro¬ 
cesses.  The  rate  constants  and  binding  constants 
in  these  gene  induction  models  have  been  de¬ 
scribed  phenomenologically.  They  are  estimated 
by  fitting  the  models  to  time-course  or  dose- 
response  observations  of  tissue  dioxin  concen¬ 
trations  and  the  amounts  of  inducible  enzyme  in 
the  liver  at  various  times  after  acute  or  chronic 
dosing  with  dioxin.  The  fit  to  data  from  Abraham 
et  al.  [23]  appears  in  Fig.  3.  While  individual  rate 
constants  in  this  model  are  difficult  to  interpret 
in  precise  biological  terms,  these  models  permit 
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reconstruction  of  diverse  dose-response  data 
based  on  a  small  number  of  fitting  constants  and 
have  been  helpful  in  suggesting  new  risk  asses¬ 
sment-oriented  research  directions  [20].  Even 
though  these  PB-PK  and  physiologically  based 
pharmacodynamic  (PB-PD)  models  will  proba¬ 
bly  never  be  completely  isomorphic  with  the 
detailed  behavior  of  the  biological  organisms, 
they  remain  the  best  available  tools  for  improv¬ 
ing  the  biological  basis  of  the  2  essential  com¬ 
ponents  of  dose-response  assessments,  i.e.,  the 
low-dose  and  interspecies  extrapolations. 

6.  Retinoids 

High  doses  of  all-rram’-retinoic  acid  (ATRA) 
and  13-c/s-retinoic  acid  (13-cis)  are  teratogenic  in 
various  animal  species.  The  active  compounds 
appear  to  be  these  acids  and  their  oxo-deriva- 
tives.  Since  isomerization  between  forms  occurs 
in  vivo,  all  4  active  chemical  species  are  present 
in  animals  and  people  after  dosing  with  either  of 
the  parent  compounds.  The  pharmacokinetics  of 
ATRA  have  been  examined  in  several  animal 
species  and  one  of  the  challenges  with  these 
retinoids  is  the  complexity  of  metabolic  pathways 
for  these  endogenous  growth  regulatory  chemi¬ 
cals.  With  the  VOCs,  there  are  generally  only  1 
or  2  dominant  biotransformation  pathways.  With 
TCDD,  the  toxicity  is  associated  with  altered 
gene  expression  due  to  the  activity  of  the  Ah 
receptor-dioxin  complex.  Metabolism  serves  to 
reduce  the  concentration  of  the  toxic  chemical 
and  the  TCDD  metabolites  do  not  have  signifi¬ 
cant  toxicity  themselves.  With  the  retinoids,  how¬ 
ever,  the  task  faced  in  PB-PK  model  develop¬ 
ment  is  estimation  of  the  concentration  of  all 
possible  teratogenic  species  under  different  ther¬ 
apeutic  situations. 

We  have  developed  a  PB-PK  model  for  aiding 
in  safety  assessment  of  the  teratogenic  risks 
posed  by  retinoid  exposure  and  applied  to  a  wide 
variety  of  literature  data  (H.J.  Clewell  III  and 
M.E.  Andersen,  work  in  preparation).  The  model 
elements  (Fig.  4)  include  portals  of  entry  (gut, 
skin,  and  blood),  target  tissues  (embryo /fetus), 
and  the  compartments  essential  for  describing 
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Fig.  4.  A  schematic  for  a  dermal  uptake  PB-PK  model  for 
ATRA.  The  model  has  to  account  for  biliary  excretion  of 
glucuronides,  intestinal  hydrolysis  of  the  glucuronide  to 
ATRA,  and  ATRA  reabsorption.  Interconversion  of  cis-  and 
trans-isomers  occurs  in  the  intestine.  Equivalent  PB-PK 
models  have  to  be  developed  for  chemicals  in  double-lined 
boxes  and  for  13-c/s  glucuronide  and  13-c/s-4-oxo  and  its 
glucuronide.  The  target  site  is  the  embryo  and  the  tissue  dose 
metric  is  total  embryo  exposure  to  the  4  active  retinoids. 


storage,  biotransformation,  and  the  interconver¬ 
sion  between  trans-  and  cvs-isomers  that  take 
place  in  biological  systems.  Compared  to  the 
DCM  or  TCDD  models,  the  retinoid  PB-PK 
model  contains  considerably  more  equations  and 
assumptions  about  the  metabolic  pathways  of 
these  retinoids  and  require  modeling  of  at  least  4 
potentially  active  teratogens.  Nonetheless,  the 
approach  in  developing  the  model  is  the  same  as 
with  any  other  model  development  problem  for 
biologically  active  compounds;  i.e.,  (1)  identify 
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the  determinants  of  disposition  and  biotransfor¬ 
mation;  (2)  develop  the  mathematical  description 
of  the  biological  processes  involved;  (3)  test  the 
model  against  available  data;  (4)  identify  new 
experiments  to  test  the  robustness  of  the  model 
description;  and  (5)  collect  the  necessary  ex¬ 
perimental  data  to  confirm  or  refute  the  model 
structure  (Fig.  1).  The  final  model  output  in  this 
example  with  ATRA  is  total  fetal  exposure  to 
potentially  teratogenic  retinoids. 

7.  Summary/ recommendations 

PB-PK  models  will  play  a  larger  and  larger 
role  in  integrating  diverse  toxicological /pharma¬ 
cological  data  within  a  biologically  realistic 
framework,  in  establishing  dose-response  ex¬ 
trapolations  for  important  environmental  con¬ 
taminants,  and  in  designing  specific  research  to 
improve  safety  and  risk  assessments  with  im¬ 
portant  drugs  and  xenobiotics.  In  developing 
these  models  it  is  important  that  they  address  the 
appropriate  question.  The  issue  is  not  simply  to 
develop  elegant  PB-PK  models;  it  is  to  develop 
models  of  appropriate  measures  of  tissue  dose 
and  to  ascertain  how  these  models  should  be 
used  to  infer  low-dose  and  interspecies  effects  on 
toxicity,  safety,  and  efficacy.  The  models  need  to 
be  formulated  based  on  the  best  contemporary 
ideas  of  the  manner  in  which  dose  to  tissues 
leads  to  critical  cellular  alterations  affecting 
biological  outcome. 
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Abstract 

Because  of  the  increasing  availability  of  human  liver  samples,  we  are  now  able  to  predict  in  vivo  drug  disposition 
in  man  from  in  vitro  metabolic  and  binding  studies.  In  this  report,  we  summarize  successful  attempts  to  predict  in 
vivo  metabolic  clearances  in  animals  and  humans  from  in  vitro  biochemical  parameters,  using  physiologically  based 
pharmacokinetic  models.  There  are  still  some  problems,  however,  in  extrapolating  in  vivo  hepatic  metabolism  in 
man  from  in  vitro  data  obtained  using  human  liver  specimens,  due  to  (1)  large  interindividual  differences  resulting 
from  genetic  polymorphism  and/or  (2)  differences  in  enzyme  activities  depending  upon  the  conditions  under  which 
liver  specimens  may  have  been  kept.  We  propose  a  possible  method  to  overcome  these  difficulties  by  applying  the 
concept  of  a  ‘scaling  factor’.  In  addition,  we  also  review  several  additional  factors  which  should  be  considered  to 
help  achieve  more  reliable  predictions. 

Keywords:  Drug  metabolism;  In  vitro /in  vivo  scaling;  Physiologically  based  pharmacokinetic  model 


1.  Introduction 

The  success  of  interspecies  scaling  of  bio¬ 
chemical  parameters  such  as  tissue  binding  and 
metabolism  will  enable  us  to  predict  successfully 
drug  disposition  in  man  [1,2].  Several  attempts 
have  been  made  to  scale  the  intrinsic  parameters 
representing  unbound  intrinsic  clearance  (CLim) 
and  distribution  volume  of  unbound  drugs  taking 
into  account  allometric  considerations  based  on 
body  weight  [1,2].  Although  such  an  allometric 
approach  allows  the  prediction  of  the  pharma- 
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cokinetics  of  a  number  of  drugs  in  man,  there  are 
some  cases  where  the  data  do  not  fit  the  extrapo¬ 
lations,  bearing  in  mind  that  this  scaling  ap¬ 
proach  is  empirical. 

On  the  other  hand,  much  progress  has  been 
made  in  correlating  metabolic  clearance,  esti¬ 
mated  from  in  vitro  studies  using  isolated  hepat- 
ocytes  or  subcellular  fractions  such  as  micro- 
somes  and  9000  X  g  supernatants,  with  unbound 
intrinsic  clearances  observed  in  vivo 
(CLint  in  vivo)  [3,4].  It  is  important  to  examine 
this  approach,  since  it  might  be  an  alternative 
way  of  predicting  in  vivo  drug  disposition  in  man, 
in  view  of  the  increasing  availability  of  human 
liver.  From  this  standpoint,  we  wish  to  review  the 
attempts  to  scale  in  vivo  drug  disposition  in 
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experimental  animals  and  humans  from  in  vitro 
data  and  then  discuss  some  important  factors 
which  need  to  be  considered. 

2.  Prediction  of  in  vivo  hepatic  clearance  from 
in  vitro  data 

2.1.  Hepatic  metabolism  in  rats 
Kinetic  parameters  for  enzymes  (such  as  Km, 
Knax  and  CLint  invitro  (  =  VmaxIKm))  have  been 
estimated  from  in  vitro  studies  using  isolated 
hepatocytes  or  subcellular  fractions  such  as  mi- 
crosomes.  These  parameters  can  be  converted 
into  values  for  the  whole  organ  with  a  knowledge 
of  the  enzyme  mass  recovery  for  the  preparation 
used.  Combination  of  these  CLint  in  vjlro  values 
for  unbound  drugs,  unbound  fraction  in  the 
blood  (fB)  and  hepatic  blood  flow  (QH)  can  give 
hepatic  clearances  (CLH),  hepatic  extraction 
ratios  (EH)  and  hepatic  availability  (Fn)  based 
on  appropriate  organ  perfusion  models.  These 
estimated  parameters  can  then  be  easily  com¬ 
pared  with  those  obtained  from  in  vivo  studies  or 
liver  perfusion  experiments  [3,4],  Using  this 
approach,  attempts  to  predict  hepatic  extraction 
from  in  vitro  data  have  been  successful  for  many 
drugs  [5,6].  Several  kinetic  models  to  describe 
the  hepatic  elimination  of  drugs  have  been  used 
to  relate  CLH  to  Qn,  fB  and  CLint  [7,8]. 


The  predicted  values  depend  upon  the  models 
selected  particularly  for  highly  cleared  drugs. 
The  venous  equilibrium  and  sinusoidal  perfusion 
models  have  been  most  frequently  used,  mainly 
due  to  the  relatively  simple  mathematics  in¬ 
volved  [7,8].  Although  the  in  vitro  data  have 
generally  given  good  predictions,  the  FH  of  drugs 
in  vivo  or  in  perfused  liver  systems  seems  to  be 
smaller  or  larger  than  that  expected  from  in  vitro 
experiments  based  on  the  venous  equilibrium 
model  and  sinusoidal  perfusion  model,  respec¬ 
tively  [3,9].  The  distributed  and  dispersion 
models  [10,11]  gave  better  predictions  of  in  vivo 
metabolism  from  in  vitro  experimental  data, 
even  for  high  clearance  drugs  (Fig.  1)  [5,6]. 

2.2.  Human  hepatic  metabolism 

Some  successful  attempts  to  apply  the  in  vitro/ 
in  vivo  scaling  method  to  humans  have  been 
published  [12,13].  Bayliss  et  al.  [12]  determined 
the  metabolic  rate  of  loxtidine,  an  H2-blocker, 
using  hepatocytes  isolated  from  rats,  dogs  and 
humans.  The  parameters  obtained  were  con¬ 
verted  to  values  per  g  liver  based  on  the  recovery 
mass  of  the  number  of  hepatocytes.  In  addition, 
the  in  vivo  CLn  was  estimated  by  subtracting  the 
renal  clearance  from  the  total  body  clearance 
(CLtot)  obtained  from  data  following  i.v.  ad- 


Fig.  1.  Prediction  of  hepatic  extraction  ratio  (EfI)  and  hepatic  availability  (F,,)  from  in  vitro  measurement  of  intrinsic  metabolic 
clearance  in  rats.  (1)  Alprenolol;  (2)  antipyrine;  (3)  carbamazcpine;  (4)  diazepam:  (5)  ethoxvbenzamide;  (6)  hexobarbital;  (7) 
5-hydroxytrvptamine;  (8)  lignocaine;  (9)  pethidine;  (10)  phenacetin;  (11)  phenvtoin;  (12)  propranolol:  (13)  thiopental;  (14) 
tolbutamide.  (From  Y.  Sugiyama  et  al.  (1993)  In:  Methods  and  Techniques  in  Studying  Pharmacokinetics:  From  Preclinical  Study 
to  Phase-I  Study,  ed.  by  Y.  Sugiyama  (Japanese  Association  for  Xenobiotics  Metabolism  and  Disposition),  pp.  87-108). 
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ministration  of  the  drug.  Then,  the  CLint  in  vivo 
was  calculated  from  CLH  in  vivo  based  on  the 
well-stirred  and  dispersion  models  taking  into 
consideration  the  QH  of  each  animal  species. 
CLint  in  vitro  estimated  from  the  in  vitro  data  was 
comparable  with  CLint  in  vivo.  Since  loxtidine 
exhibits  a  low  EH  (approximately  0.3  in  rats),  no 
marked  difference  was  observed  in  the  EH  be¬ 
tween  the  2  models. 

We  also  attempted  to  apply  the  in  vitro /in  vivo 
scaling  method  to  humans,  based  on  previously 
reported  parameters  on  in  vitro  metabolism  and 
plasma  protein  binding  and  on  in  vivo  drug 
disposition  for  25  different  metabolites  [5].  The 
CLint  in  vitro  values  obtained  from  the  in  vitro 
metabolic  studies  were  converted  to  values  per  g 
liver,  as  described  previously  [5].  Similarly, 
CLint  in  vivo  was  calculated  from  CLH  in  vivo 
using  the  dispersion  model  [5],  For  20  metabo¬ 
lites,  CLinl  in  vitro  were  comparable  with 
CLintinvivo  (Fig.  2)  [5],  Although  the 

CLinl  in  vjtro  generally  exhibited  a  positive  corre¬ 
lation  with  CLint  in  vivo,  a  large  difference 
(several-fold)  was  observed  in  CLint  for  some 
drugs  when  comparing  in  vitro  with  in  vivo  (Fig. 
2)  [5].  This  may  be  at  least  partly  due  to  extrinsic 
variabilities  in  enzyme  activity  arising  from  the 
conditions  under  which  the  livers  had  been 
removed  and  stored. 

In  addition,  several  recent  reports  indicate  the 
presence  of  poor  metabolizers  who  lack  specific 
cytchrome  P450  isozymes  (polymorphic  metabo¬ 
lism).  It  may  be  important  to  identify  the  content 
of  each  P450  isozyme  present  in  liver  specimens 
if  the  isolated  hepatocytes  or  subcellular  frac¬ 
tions  are  to  be  used  for  in  vitro  metabolic  studies 
in  humans. 

2.3.  Application  of  the  scaling  factor 

It  may  thus  be  possible  to  predict  hepatic 
metabolism  in  vivo  from  in  vitro  clearance  data  if 
the  metabolic  rate  in  vitro  can  be  determined 
under  the  appropriate  experimental  conditions. 
It  may  be  difficult,  however,  to  determine  the 
appropriate  experimental  conditions  by  using  the 
relatively  limited  amounts  of  such  valuable  ma¬ 
terial  as  human  liver.  For  this  reason,  we  would 
like  to  propose  an  approach  [5,6]. 


1:1  correspondence 


CLint,  in  vitro  (ml/min/g  liver) 

Fig.  2.  Comparison  of  CLint  in  vitro  with  CLint  in  vivo.  Previous¬ 
ly  reported  parameters  on  in  vitro  metabolism  and  plasma 
protein  binding  and  on  in  vivo  drug  disposition  for  25 
different  metabolites  were  analyzed  to  determine  CLint  in  vitr0 
and  CLint  in  vivo.  (1)  Alprazolam;  (2)  diazepam;  (3) 
dofetilide;  (4)  imipramine;  (5)  lidocaine;  (6)  loxitidine;  (7) 
o'-hydroxymetoprolol;  (8)  O-demethylmetoprolol;  (9)  hy- 
droxymethylmexiletine;  (10)  p-hydroxymexiletine;  (11) 
phenacetin;  (12)  quinidine;  (13)  1,3-dimethyluric  acid  +  1- 
methylxanthine;  (14)  3-methylxanthine;  (15)  tolbutamide; 
(16)  norverapamil  (R);  (17)  D-617  (R);  (18)  D-703  (R);  (19) 
norverapamil  (S);  (20)  D-617  (S);  (21)  D-703  (S);  (22)  6- 
hydroxywarfarin  (R);  (23)  7-hydroxywarfarin  (R);  (24)  6- 
hydroxywarfarin  (S);  (25)  7-hydroxywarfarin  (S).  From  [5]. 

In  this  approach,  reference  compounds  are 
used  which  satisfy  the  following  2  criteria  [5,6]. 

(1)  The  reference  compound  should  be  metabo¬ 
lized  by  the  same  enzyme  as  the  drug  of  interest; 

(2)  the  disposition  of  the  reference  compound  is 
already  documented.  The  initial  velocity  of  me¬ 
tabolism  obtained  for  the  drug  is  divided  by  the 
drug  concentration  in  the  incubation  medium  to 
give  the  CLinl  in  vitro.  It  might  be  difficult  to 
compare  directly  CLint  in  vitro  values  with 
CLint  in  vivo,  since  the  initial  velocity  should  be 
determined  under  appropriate  conditions  (i.e., 
adjustment  of  concentrations  of  co-factor(s), 
metal  ions  and  oxygen).  Then,  the  scaling  factor 
by  which  the  values  obtained  in  in  vitro  studies 
are  converted  to  in  vivo  values  can  be  estimated 
as  follows.  Firstly,  CLH  for  some  reference 
compounds  are  calculated  from  in  vivo  pharma- 
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cokinetic  data.  Taking  into  account  the  QH  and 
the  fB,  the  aforementioned  CLH  can  be  con¬ 
verted  to  a  CLinl  jn  vjvo  for  each  reference  com¬ 
pound  using  the  appropriate  pharmacokinetic 
model,  e.g.  the  dispersion  model.  The  ratio  of 
CLin,.  i„  vivo  to  CLln,  in  vitro  is  deflned  as  a  scaling 
factor.  If  the  scaling  factor  obtained  for  each 
reference  compound  is  comparable,  we  can  apply 
this  to  the  in  vitro /in  vivo  scaling  for  the  intrinsic 
clearance  of  the  drug  of  interest  [5,6]. 

2.4.  Drug-drug  interaction 
Based  on  the  approach  described  previously, 
we  can  predict  in  vivo  drug-drug  interactions 
from  in  vitro  metabolic  and  binding  studies 
[5,6,14].  In  this  section,  previous  studies  from  our 
laboratory  on  the  interaction  between  tol¬ 
butamide  (TB)  and  sulfonamides  (SAs)  [15—17] 
are  described,  preceded  by  a  general  discussion. 
2.4.1.  General  discussion 
Drug-drug  interactions  can  be  predicted  quan¬ 
titatively  based  on  in  vitro  metabolic  and  binding 
studies.  If  we  assume  that  the  simultaneously 
administered  drug  inhibits  the  metabolism  of  the 
study  drug  in  a  competitive  manner,  the  intrinsic 
clearance  for  metabolism  is  given  by: 

V  X  c 

v  max  v-'u.h 

in'  =  Km  (1+1  u.h/*i)+  Cu  h 

where  Cu  h  and  Iu  h  represent  the  hepatic  un¬ 
bound  concentration  of  the  study  drug  and  the 
simultaneously  administered  drug,  respectively. 
If  (1)  the  kinetic  parameters  for  the  metabolism 
(Km ,  K ■  and  Vmax)  are  determined  in  vitro  and 
(2)  the  time  profiles  for  Iu  h  are  determined,  we 
can  predict  the  alterations  in  the  in  vivo  metabol¬ 
ic  clearance  according  to  the  method  described 
previously;  the  plasma  unbound  concentration  of 
simultaneously  administered  drug  can  be  substi¬ 
tuted  for  Iu  h.  We  must  be  cautious  in  making  the 
prediction,  however,  if  the  extensive  metabolism 
of  the  second  drug  is  observed;  for  such  drugs, 
the  plasma  unbound  concentration  exceeds  Iuh. 
Furthermore,  a  satisfactory  prediction  based  on 
this  method  may  not  be  obtained  if  the  second 
drug  is  taken  up  by  the  liver  via  an  active 
transport  process;  for  such  drugs,  the  plasma 
unbound  concentration  underestimates  Iuh. 


2.4.2.  TB-SA  interaction 

The  drug  interaction  between  TB  and  a  second 
drug  has  been  studied  extensively  [14],  since 
severe  hypoglycemia  in  diabetic  patients  has 
been  observed  after  the  simultaneous  administra¬ 
tion  of  TB  and  sulfaphenazole  (SP).  Further¬ 
more,  species  differences  have  been  reported  in 
the  TB-SP  interaction;  in  rats  and  humans,  SP 
markedly  prolonged  the  plasma  half-life  of  TB, 
whereas  SP  accelerated  the  disappearance  of  TB 
in  rabbits.  Since  TB  is  a  low-clearance  drug 
whose  CLun  can  be  approximated  by  fB  multi¬ 
plied  by  CLint,  the  effect  of  SAs  on  the  fB  and 
CLinl  of  TB  was  examined  in  both  rats  and 
rabbits. 

In  vivo,  TB  was  administered  as  a  bolus  to  rats 
and  rabbits  whose  plasma  SP  concentrations 
were  kept  constant  throughout  the  experiments 
by  i.v.  infusion  [15-17].  N4-acetyl-SP,  a  metabo¬ 
lite  of  SP,  was  also  detectable  in  rabbit  plasma.  In 
rats,  the  CLU)l  of  TB  was  markedly  reduced  by 
SP  treatment,  resulting  in  a  prolonged  TB  half- 
life  [15-17].  In  contrast,  the  CLUU  of  TB  was 
slightly  increased  (15-30%)  by  SP  treatment  in 
rabbits  [15-17].  The  following  in  vitro  experi¬ 
ments  were  performed  to  clarify  the  mechanisms 
behind  these  observations. 

In  rats,  SP  competitively  inhibited  the  plasma 
protein  binding  of  TB  [16].  At  in  vivo  con¬ 
centrations,  SP  increased  the  fB  value  of  TB 
approximately  2-fold  (Fig.  3)  [15,16].  In  the  same 
manner,  the  fB  of  TB  in  rabbits  was  increased 
approximately  2-fold  in  the  presence  of  SP  and 
N4-acetyl-SP  at  their  in  vivo  concentrations  [17], 
indicating  that  the  species  difference  observed  in 
vivo  cannot  be  accounted  for  only  by  alterations 
in  the  plasma  protein  binding  of  TB  (Fig.  3) 
[15-17].  Competitive  inhibition  of  TB  hydroxy- 
lation  by  SP  and  N4-acetyl-SP  was  also  observed 
in  in  vitro  experiments  using  liver  microsomes 
[15-17].  Based  on  the  kinetic  parameters  for  the 
metabolism  of  TB  determined  in  vitro,  the  alter¬ 
ations  in  CLinl  in  vjtrn  induced  by  SP  treatment 
could  be  predicted  at  the  in  vivo  mean  plasma 
concentration.  Although  a  moderate  decrease  in 
CLint  in  vitIO  produced  by  SP  treatment  was  sug¬ 
gested  in  rabbits,  the  decrease  was  much  more 
marked  in  rats  (Fig.  3).  The  in  vitro  CLlo(  prod 
defined  by  fB  multiplied  by  CL]nt  in  vilro  thus 
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Rat  Rabbit 


Fig.  3.  Ratios  of  fB,  CLillt  in  vUr(>,  and  CLU)l  prcd  of  TB  in  the 
presence  of  SA  to  those  in  the  absence  of  SA.  These  ratios 
were  calculated  based  on  the  in  vitro  experiments.  The 
dotted  line  in  each  panel  shows  the  ratio  of  1.0.  (a)  fB;  (b) 
CLjnt  in  vilro;  <c),  CLtol  pred.  SDM,  sulfadimetoxin.  From  [9]. 

showed  a  marked  species  difference;  the  net 
change  in  in  vitro  CLtot  prcd  induced  by  SP  was 
minimized  in  rabbits  due  to  the  compensatory 
changes  in  fB  and  CLint  in  vitro  (Fig.  3)  [15-17]. 
In  contrast,  the  decrease  in  CLint  in  vilro  over¬ 
came  the  increase  in  fB  in  rats  [15,16],  resulting 
in  a  decrease  in  in  vitro  CLtot  prcd  (Fig.  3).  In  the 
same  manner,  the  species  difference  in  TB-sulfa- 
dimethoxine  interaction  was  accounted  for  by 
considering  the  alterations  in  fB  and  CLinl  in  vilro 
of  TB  determined  in  vitro  (Fig.  3).  Collectively, 
we  were  thus  able  to  clarify  the  mechanism  for 
the  in  vivo  drug-drug  interaction  based  on  in 
vitro  experiments  [15-17]. 

3.  Other  factors  which  should  be  considered  in 
performing  in  vitro /in  vivo  scaling 

The  previously  described  in  vitro /in  vivo  sca¬ 
ling  should  be  possible  if  we  can  assume  (1)  a 
rapid  equilibrium  between  blood  and  hepat- 
ocytes;  (2)  availability  of  only  the  unbound  drug 
for  elimination  and  transport  across  membranes; 


and  (3)  homogeneous  distribution  of  metabolic 
enzymes  and  transport  carriers  along  the  blood 
flow  pathways  in  the  liver.  Recent  reports  indi¬ 
cate  that  these  assumptions  do  not  always  hold 
[2].  In  the  final  part  of  this  article,  we  will  discuss 
these  factors. 

3.1.  Estimation  of  membrane  permeability 

In  some  instances,  the  CL,,  of  a  drug  which  is 
completely  eliminated  by  metabolism  may  not 
simply  be  a  function  of  only  QH,  fB  and  CLjnl; 
the  clearance  for  the  transport  across  the  sinusoi¬ 
dal  membrane  can  affect  the  overall  intrinsic 
clearance  (CLint  [18,19].  This  relationship  can 
be  expressed  by  the  equation:  CLjnt  ;1„  =  PSinf  X 
CLint/(PScfr  +  CLinl),  where  PSinf  and  PScff  are 
the  clearance  for  influx  and  efflux,  respectively, 
and  CLinl  is  the  intrinsic  metabolic  (or  sequen¬ 
tial)  clearance  [18,19]. 

A  multiple  indicator  dilution  technique  de¬ 
veloped  by  Goresky  and  Nadeau  and  by 
Miyauchi  et  al.  [20,21]  has  the  advantage  that  the 
clearance  for  intrinsic  metabolism  and  for  mem¬ 
brane  penetration  can  be  estimated.  For  com¬ 
pounds  whose  penetration  across  the  sinusoidal 
membrane  is  very  rapid,  the  effect  of  the  puta¬ 
tive  unstirred  water  layer  in  Disse‘s  space  should 
be  considered  [22]. 

3.2.  Heterogeneous  distribution  of  metabolic 
enzymes 

Although  it  has  been  assumed  that  the  drug 
metabolizing  enzymes  are  evenly  distributed 
along  the  blood  flow  pathways  in  the  liver,  recent 
biochemical  and  kinetic  studies  suggest  that  this 
assumption  does  not  necessarily  hold  [5,6,23,24]. 
For  example,  it  has  been  found  that  cytochrome 
P450s  are  abundant  on  the  peri-central  side, 
while  sulfate  conjugating  enzymes  are  abundant 
on  the  opposite  (peri-portal)  side  [23-25].  It  has 
been  demonstrated  by  Pang  [25]  that  this  is 
important  when  examining  the  kinetics  of  metab¬ 
olites.  In  contrast,  it  has  been  suggested  that  the 
hepatic  clearance  of  parent  drugs  is  unaffected 
by  the  heterogeneous  distribution  of  enzymes  if 
the  total  amount  of  enzymes  is  kept  constant, 
assuming  rapid  equilibrium  between  blood  and 
hepatocytes  [11].  However,  we  have  demonstra¬ 
ted  that  the  extraction  ratios  of  parent  drugs  can 
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be  affected  by  uneven  distribution  of  enzymes  in 
the  presence  of  a  diffusional  barrier  [26]. 

3.3.  Protein-mediated  hepatic  uptake 
It  has  been  reported  that  the  uptake  clearance 
for  compounds  which  are  highly  (more  than 
95%)  bound  to  plasma  protein(s)  is  much  higher 
than  that  expected  based  on  the  hypothesis  that 
only  unbound  drug  is  available  for  hepatic  up¬ 
take;  this  suggests  the  presence  of  ‘albumin-me¬ 
diated  uptake1  [5,6,27-29].  Furthermore,  y- 
globulin  has  been  shown  to  mediate  the  hepatic 
uptake  of  rose  bengal,  indicating  that  the  ‘al¬ 
bumin  receptor1  is  not  necessary  for  this  phe¬ 
nomenon  [28].  This  hypothesis  is  supported  by 
the  fact  that  albumin-mediated  uptake  by  the 
perfused  rat  liver  has  also  been  observed  in 
Nagase  analbuminemic  rats  with  a  genetically 
controlled  serum  albumin  deficiency  [29].  Al¬ 
though  the  exact  mechanism  of  ‘albumin-me¬ 
diated  uptake1  is  still  controversial,  the  most 
likely  explanation  involves  the  effect  of  the 
unstirred  water  layer  in  the  extracellular  space 
on  the  drug  diffusion  process  [30,31], 

In  vitro /in  vivo  scaling  in  humans  may  become 
more  reliable  in  the  near  future  if  we  make  use 
of  these  factors  and  are  able  to  develop  valid  in 
vitro  methods  for  quantifying  membrane  per¬ 
meability  as  well  as  metabolic  activity  using 
human  hepatocytes  or  subcellular  fractions. 
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Abstract 

Two  approaches  of  compartmental  toxicokinetic  modeling  of  gaseous  compounds  are  presented  which  are 
suitable  for  kinetic  analysis  of  concentration-time  data  measured  in  the  air  of  closed  exposure  systems.  The  first 
approach  is  based  on  a  two-compartment  model  with  physiological  gas  uptake,  the  second  on  a  physiologically- 
based  toxicokinetic  model.  Both  models  can  be  used  for  the  description  of  inhalation,  accumulation,  exhalation  and 
metabolism  of  gaseous  compounds  together  with  the  toxicokinetics  of  metabolites.  Interspecies  extrapolation  is 
based  on  physicochemical,  physiological  and  biochemical  parameters.  The  advantage  of  the  two-compartment 
model  is  its  limited  number  of  variables  and  its  experimentally  easy  applicability.  Its  disadvantage  is  the 
impossibility  to  predict  tissue  specific  concentrations.  The  advantage  of  the  physiologically-based  model  is  its 
usability  for  predictions  and  for  the  description  of  tissue  specific  concentrations.  However,  it  entails  great  effort, 
since  a  series  of  parameters  has  to  be  determined  before  meaningful  model  calculations  can  be  carried  out. 

Keywords:  Toxicokinetic  two-compartment  model  with  physiological  gas  uptake;  Physiologically-based  tox¬ 
icokinetic  model  for  gas  uptake  studies;  Closed  chamber  technique;  Inhalation  toxicokinetics;  Interspecies 
extrapolation 


1.  Introduction 

Toxic  or  carcinogenic  effects  of  chemicals 
taken  up  by  the  organism  may  result  from  the 
compounds  themselves  or  from  metabolites 
thereof.  The  burden  of  the  ultimate  active 
species  in  different  organs  and  tissues  is  de¬ 
termined  by  its  concentration  and  the  time  it 
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remains  at  the  site  of  action.  Such  concentration¬ 
time  courses  of  compounds  and  metabolites 
depend  on  the  rates  of  absorption  into  and 
distribution  between  blood  and  tissues,  on  the 
rates  of  transport  by  the  bloodstream,  of  bio¬ 
transformation  and  of  excretion  from  the  body. 
Biotransformation  can  lead  to  active  metabolites 
or  to  products  of  reduced  effectiveness.  Mostly, 
biotransformation  processes  are  catalyzed  en¬ 
zymatically  and  therefore  subject  to  saturation 
kinetics  (e.g.  according  to  Michaelis  and  Men- 
ten).  Consequently,  the  target  dose  of  the  active 
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chemical  species  is  often  not  a  linear  function  of 
the  amount  of  xenobiotic  taken  up.  In  toxicologi¬ 
cal  inhalation  studies,  different  concentrations  of 
the  test  compound  are  administered  to  groups  of 
animals  in  order  to  establish  a  relation  between 
the  exposure  concentration  and  the  resulting 
toxic  effect.  To  understand  and  extrapolate  the 
relationships  obtained  to  low  concentrations  at 
which  human  exposure  occurs,  knowledge  of  the 
burden  of  the  ultimate  active  substance  in  both 
species  is  indispensable  as  a  basis  for  risk  assess¬ 
ment.  To  gain  this  information  is  one  of  the  main 
tasks  of  toxicokinetics.  Several  theoretical  ap¬ 
proaches  have  been  developed  for  that  purpose, 
starting  at  the  end  of  the  last  century  with  the 
studies  of  inert  gases  by  Zuntz  and  later  by 
Widmark  and  Haggard,  which  are  summarized  in 
the  review  of  Kety  [1].  Nowadays,  the  most 
widely  used  toxicokinetic  models  are  compart- 
mental  models,  developed  on  the  basis  of  the 
classical  works  of  Teorell  [2,3]  and,  increasingly, 
physiological  models.  The  advantages  of  the 
latter  models  for  studying  inhalation  tox¬ 
icokinetics,  especially  with  respect  to  saturable 
metabolism  and,  further,  to  risk  assessment,  were 
demonstrated  and  discussed  particularly  by  An¬ 
dersen  and  colleagues  [4,5]. 

In  the  following,  a  two-compartment  model 
with  physiological  gas  uptake,  which  has  been 
developed  by  us  for  the  study  of  the  tox¬ 
icokinetics  of  a  series  of  gaseous  compounds  [6], 
will  be  compared  with  physiological  toxicokinetic 
models  for  gas  uptake  studies,  exemplified  by  a 
model  for  styrene  together  with  its  reactive 
metabolic  intermediate,  styrene-7, 8-oxide  [7]. 

2.  Concepts  of  modeling 

The  determination  of  toxicokinetic  parameters 
of  gaseous  compounds  is  usually  based  on  mea¬ 
surements  of  the  time  course  of  the  compound’s 
concentrations  in  body  fluids  or  in  breathing  air 
of  exposed  animals  or  humans  [8].  Inhalation 
experiments  can  be  carried  out  with  constant 
exposure  concentrations  using  dynamic  flow¬ 
through  systems  or  with  decreasing  concentra¬ 
tions  in  closed  exposure  chambers  into  which  a 


Fig.  1.  Closed  all-glass  system  for  exposing  laboratory  ani¬ 
mals  to  gaseous  compounds. 


defined  amount  of  the  test  compound  is  given 
only  once  at  the  start  of  the  experiment  (Fig.  1). 
The  latter  method  has  two  main  advantages  over 
the  former  one:  first,  data  from  a  wide  con¬ 
centration  range  can  be  collected  within  a  rela¬ 
tively  short  period  of  time;  second,  the  amounts 
of  the  xenobiotic  taken  up  are  well  below  those 
when  open  systems  are  used.  Two  model  ap¬ 
proaches  have  been  developed  allowing  the  gen¬ 
eration  of  concentration-time  curves  which  can 
be  fitted  through  the  measured  data  in  order  to 
gain  compound  specific  toxicokinetic  parameters 
describing  the  kinetic  behaviour  within  the  or¬ 
ganism.  These  models  are  the  two-compartment 
model  as  first  presented  in  1979  by  Filser  and 
Bolt  [9]  (for  a  revised  version  containing  a 
detailed  description  see  [6])  and  the  ‘physiologi¬ 
cally-based  pharmacokinetic  (pbpk)  model’  de¬ 
veloped  by  Andersen  and  colleagues  [10].  Both 
model  structures  contain  compartments  which 
are  defined  by  their  volumes  and  their  actual 
compound  concentrations.  In  every  compart¬ 
ment,  the  compound  is  homogeneously  distribut¬ 
ed  at  any  time  point  from  entering  up  to  leaving 
it. 

The  shapes  of  the  concentration-time  courses 
obtained  in  the  atmosphere  of  the  closed  expo¬ 
sure  chambers  depend  strongly  on  the  physico¬ 
chemical  properties  of  the  test  compound  as 
tissue /air  partition  coefficients,  on  biochemical 
parameters  such  as  the  capacity  and  the  substrate 
affinity  of  the  metabolising  enzymes  reflected  by 
the  maximum  rate  of  metabolism  (Vmax)  together 
with  the  apparent  Michaelis-constant  (Kmapp), 
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and  on  physiological  processes  such  as  alveolar 
ventilation  and  the  blood  flow  through  organs 
and  tissues. 


3.  Two-compartment  model  with  physiological 
gas  uptake 

The  toxicokinetic  parameters  for  inhalative 
uptake,  accumulation,  and  elimination  via  me¬ 
tabolism  and  exhalation  can  be  gained  by  using 
the  ‘Closed  Chamber  Technique  (CCT)’  [6].  This 
technique  includes  the  measurement  of  gas  con¬ 
centrations  in  the  closed  chamber  and  the  use  of 
a  two-compartment  model  (Fig.  2)  for  the  kinetic 
interpretation  of  the  data  obtained.  Compart¬ 
ment  1,  which  is  defined  by  its  volume  V,  and  the 
actual  air  concentration  y]  of  the  compound, 
represents  the  atmosphere  of  the  closed  system. 
Compartment  2  represents  the  sum  of  the  bodies 
of  all  exposed  individuals  having  a  body  volume 
of  V2.  The  actual  average  body  concentration  is 
given  by  y2.  Both  compartments  are  separated  by 
a  surface,  in  most  cases  representing  the  lung. 
Only  a  small  number  of  constants  have  to  be 
determined  from  curve  fitting,  which  can  be  done 
by  means  of  the  program  SOLVEKIN  [11].  It  is 
based  on  the  method  of  the  least  error  squares 
using  the  ‘simplex’  algorithm  of  Nelder  and 
Mead  for  function  minimization.  The  rate  con¬ 
stants  for  inhalation  and  exhalation  are  described 
as  k12  and  k21,  respectively.  The  product  of  k12 
with  V,,  defined  as  ‘clearance  of  uptake’  is 
independent  of  the  chamber’s  volume,  since  k)2 
is  inversely  proportional  to  V,.  Therefore,  the 


CPl  Cp2 

atmosphere  organism 


V1  ki2< 

v2 

y<  *1 

k2i  y2 

— i - 1 - 

separating 

surface 


kel* 


dNpr/dt 


Fig.  2.  Scheme  of  a  two-compartment  model  with  physiologi¬ 
cal  gas  uptake  [6].  For  explanation  of  the  symbols,  see  text.  If 
metabolic  elimination  shows  saturation  kinetics  according  to 
Michaelis  and  Menten,  kcl*  can  be  expressed  as  kel*  =  Vmax/ 
[V2(Kmapp +  y2)]  with  VmiiX  being  the  maximum  rate  of 
metabolism  and  Km.ipp  the  apparent  Michaelis  constant. 


value  obtained  is  also  valid  for  an  open  atmos¬ 
phere  with  an  infinitely  large  volume. 

The  clearance  of  uptake  multiplied  by  yj  is 
identical  to  the  maximal  rate  of  inhalative  uptake 
of  the  gaseous  compound  from  air  via  the  lung 
into  the  blood  stream.  In  physiological  terms,  this 
rate  is  dependent  only  on  the  alveolar  ventila¬ 
tion,  the  cardiac  output,  the  blood/air  partition 
coefficient  of  the  compound,  and  its  air  con¬ 
centration.  The  rate  is  related  to  the  first  inspira¬ 
tion  breath  when  the  capillary  alveolar  blood  is 
still  free  of  compound  [12]. 

The  ‘clearance  of  exhalation’,  represented  by 
the  product  of  k21  with  V2  is  a  measure  of  the 
amounts  of  compound  exhaled  unchanged.  The 
ratio  of  k12Vj  to  k21V2  equals  the  thermodynamic 
partition  coefficient  (‘i£eq’)  whole  body/ atmos¬ 
phere  which  can  be  reached  if  no  metabolism 
occurs  or  at  very  high  exposure  concentrations, 
when  metabolism  is  saturated.  Kcq  is  identical  to 
the  sum  of  the  products  of  all  individual  tissue/ 
air  partition  coefficients  with  the  corresponding 
tissue  volumes  divided  by  the  whole  body  vol¬ 
ume.  Some  compounds  are  produced  endoge¬ 
nously.  This  is  reflected  by  the  endogenous 
production  rate  (dNpr/dt).  Metabolism  is  taken 
into  consideration  by  the  introduction  of  ke]*.  Its 
value  is  constant  only  if  the  rate  of  metabolism  is 
directly  proportional  to  the  average  concentra¬ 
tion  in  the  body  (linear  kinetics).  In  case  of 
saturation  kinetics,  kcl*  is  concentration-depen¬ 
dent  becoming  continuously  smaller  with  increas¬ 
ing  exposure  concentration.  It  can  be  used  for 
the  description  of  kinetics  according  to  Mich- 
aelis-Menten,  allowing  the  calculation  of  Vmax 
and  Kmapp,  the  latter  giving  the  average  body 
concentration  at  which  Vmax/2  is  reached.  The 
average  concentration  of  the  compound  in  the 
organism  is  the  result  of  the  amounts  inhaled, 
endogenously  produced,  and  eliminated  via 
exhalation  and  metabolism.  If  exposure  takes 
place  at  constant  atmospheric  concentrations  as 
may  occur  under  open  exposure  conditions,  the 
resulting  average  concentrations  in  the  body  at 
steady  state  can  be  expressed  as  the  product  of 
the  atmospheric  exposure  concentrations  and  a 
concentration  dependent  bioaccumulation  factor 
Kst*.  Division  of  Kmapp  by  Kst*  yields  the 
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atmospheric  exposure  concentration  at  which 
Vmax/2  is  reached.  Kst*  is  a  measure  of  the 
accumulation  of  the  compound  in  the  organism 
at  steady  state  exposure.  For  such  conditions  of 
exposure,  the  accumulation  in  tissues  can  be 
calculated  from  Ksl*,  provided  that  the  tissue /air 
partition  coefficients  are  known  (in  prep.).  Sever¬ 
al  methods  are  published  on  the  determination  of 
tissue/air  partition  coefficients  [8,13-16]. 

The  product  of  kcl*,  V2  and  KSI*  is  defined  as 
‘clearance  of  metabolism,  related  to  the  atmos¬ 
pheric  concentration’,  since,  if  multiplied  by  a 
defined,  constant  atmospheric  concentration,  it 
yields  the  corresponding  rate  of  metabolism  at 
steady  state.  This  rate  is  obtained,  too,  from  the 
product  of  the  alveolar  ventilation  (Valv),  the 
alveolar  retention  (Ra)  at  steady  state  and  the 
atmospheric  concentration  of  the  compound. 
Consequently,  the  product  of  Villv  with  Ra  equals 
K*  ■  V2  •  Kst*.  For  further  definitions  and  expla¬ 
nations,  see  Ref.  [17].  The  parameters,  calculated 
by  means  of  the  two-compartment  model,  can 
directly  be  incorporated  into  physiological 


models,  yielding  a  link  between  both  tox- 
icokinetic  approaches  (in  prep.).  Since  k12V,} 
Koq,  and  k2IV2  are  composed  of  physiological 
and  physicochemical  parameters,  an  interspecies 
extrapolation  of  these  parameters  can  be  per¬ 
formed  without  the  necessity  of  using  assump¬ 
tions  which  cannot  be  proved.  Solely  the  ex¬ 
trapolation  of  the  biochemically  derived  con¬ 
stants  Vmux  and  Km.ipp  requires  procedures  such 
as  the  allometrical  one  which  are  not  directly 
verifiable  [17], 

Fig.  3  depicts  concentration-time  courses  for 
styrene  vapors  in  closed  exposure  systems  oc¬ 
cupied  by  two  rats  in  each  of  the  experiments 
which  are  specified  by  the  decrease  of  atmos¬ 
pheric  styrene  following  an  initial  administration 
of  a  defined  amount  into  the  chamber’s  atmos¬ 
phere.  Three  phases  are  distinguishable  in  the 
semilogarithmic  plot.  During  the  first  phase, 
atmospheric  styrene  decreases  rapidly  due  to 
accumulation  in  the  exposed  organism;  the  sec¬ 
ond  together  with  the  third  phase,  represented 
by  a  downward  curve  with  a  final  linear  part  are 


time  [h] 

Fig.  3.  Concentration-time  courses  of  atmospheric  styrene  at  various  initial  concentrations  in  a  closed  exposure  chamber  (6.4  1) 
containing  two  Sprague- Dawley  rats  in  each  experiment.  Symbols  represent  measured  data;  solid  lines  were  calculated  bv  a 
two-compartment  model  [17], 
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characteristic  for  saturation  kinetics.  The  solid 
lines  are  model  fits  from  which  the  values  of  the 
toxicokinetic  constants  k12,  k21,  Vmax  and  Kmapp 
are  derived  (Fig.  2).  A  similar  inhalation  study 
was  carried  out  with  mice  [17].  The  values 
obtained  for  Kmapp  and  for  the  parameters 
k,2Vj,  k21V2  and  Vmax  calculated  for  one  rat  and 
one  mouse,  respectively,  were  used  to  construct 
the  plots  given  in  Fig.  4.  For  steady  state  expo¬ 
sures  to  constant  styrene  vapor  concentrations, 
they  show  the  concentration  dependences  of 
K  *,  of  the  average  styrene  concentration  in  the 
body,  of  the  rate  of  metabolism  and  of  the  ratio 
of  exhaled  styrene  to  inhaled  styrene.  Quali¬ 
tatively,  mice  and  rats  behave  similarly  when 
exposed  to  styrene,  however  there  are  quantita¬ 


tive  differences.  The  influence  of  the  saturation 
of  the  metabolism  on  the  kinetic  parameters  is 
obvious.  Below  about  300  ppm,  Ks(*  is  very  small 
compared  to  Kcq,  and  styrene  accumulates  only 
little  within  the  organism;  it  is  very  efficiently 
metabolized,  the  rate  of  metabolism  being  pro¬ 
portional  to  the  atmospheric  styrene  concentra¬ 
tion.  Only  small  amounts  are  exhaled  as  the 
unchanged  compound.  With  increasing  concen¬ 
trations,  Kst*  approaches  the  thermodynamic 
partition  coefficient  Keq  and  consequently 
styrene  accumulates  to  much  higher  levels  in  the 
organism.  Since  metabolism  becomes  saturated, 
exhalation  of  unchanged  styrene  becomes  the 
main  route  of  elimination.  A  species  extrapola¬ 
tion  of  these  results  to  the  human  exposure 


atmospheric  concentration  [ppm] 


rat  (250  g) 
mouse  (25  g) 


atmospheric  concentration  [ppm] 


atmospheric  concentration  [ppm] 


Fig.  4.  Steady  state  toxicokinetic  parameters  ot  styrene  calculated  for  one  Sprague-Dawley  rat  ( - )  of  250  g  and  for  one 

B6C3F1  mouse  ( _ )  of  25  g  [17],  A,  bioaccumulation  factor  (K„*)  vs.  atmospheric  concentration  of  styrene  (y,);  B,  average 

concentration  of  styrene  in  the  organism  (y,)  vs.  atmospheric  concentration  of  styrene  (y,);  C,  rate  of  styrene  metabolism 
(dNel/dt)  vs.  atmospheric  concentration  of  styrene  (y,);  D,  ratio  of  amount  of  styrene  exhaled  to  amount  of  styrene  taken  up  vs. 
atmospheric  concentration  of  styrene  (y,). 
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situation  resulted  in  predicted  values  which  were 
verified  by  comparison  with  direct  determina¬ 
tions  [17]  with  the  exception  of  Vmax,  which  was 
later  confirmed  by  a  human  study  carried  out  by 
Lof  and  Johanson  [18].  For  further  discussion  of 
results  on  the  kinetics  of  styrene  obtained  by 
using  the  two-compartment  model,  see  Ref.  [17]. 

Since  the  two-compartment  model  possesses 
only  a  limited  number  of  variables,  these  can  be 
computed  with  high  confidence.  We  were  able  to 
differentiate  between  several  kinetic  processes 
involved  in  the  first  metabolic  steps  of  2-nitro- 
propane,  n-hexane  and  n-heptane  by  analyzing 
gas  uptake  data  for  these  compounds,  measured 
in  closed  exposure  chambers  occupied  by  rats. 
For  2-nitropropane,  a  saturable  pathway  could 
be  distinguished  from  a  non-saturable  one  [19], 
the  latter  being  strongly  correlated  with  the 
solvent’s  hepatocarcinogenic  activity,  which  was 
quantitatively  investigated  by  means  of  the  ‘rat 
liver  foci  bioassay’  [20,21].  For  both  alkanes  n- 
hexane  and  n-heptane  two  different  saturable 
metabolic  processes  were  detected,  one  being 
characterized  by  high  affinity  and  low  capacity, 
one  by  low  affinity  and  high  capacity.  Urinary 
excretion  of  2,5-hexanedione,  the  neurotoxic 
metabolite  of  n-hexane  correlated  with  the  first 
process  whereas  the  corresponding  excretion  of 
2,5-heptanedione  as  a  metabolite  of  n-heptane 
correlated  with  the  second  process.  Metabolism 
to  2,5-hexanedione  requires  oxidation  at  the  C2 
positions  only,  which  is  preferred  at  low  alkane 
concentrations;  the  biotransformation  of  n-hep¬ 
tane  to  2,5-heptanedione  needs  oxidation  at  C3. 
This  reaction  is  quantitatively  less  favoured  [22]. 

The  two-compartment  model  can  be  extended 
to  the  description  of  the  body  burden  of  metabo¬ 
lites  resulting  from  exposure  to  the  parent  com¬ 
pound.  This  is  exemplified  in  Fig.  5  on  ethylene 
and  its  metabolite  ethylene  oxide,  a  mutagenic 
and  carcinogenic  epoxide.  The  two-compartment 
model  for  ethylene  is  linked  to  a  two-compart¬ 
ment  model  for  ethylene  oxide,  also  a  gaseous 
compound,  which  is  eliminated  by  exhalation  and 
by  metabolism.  The  formation  of  ethylene  oxide 
as  the  intermediate  metabolite  of  ethylene  was 
set  to  be  equal  to  the  product  of  the  metabolic 
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Fig.  5.  Two-compartment  model  with  physiological  gas  up¬ 
take  tor  ethylene  and  ethylene  oxide  including  the  endogen¬ 
ous  production  of  ethylene  and  its  oxidative  metabolism  to 
ethylene  oxide. 


elimination  rate  of  ethylene  and  of  an  extraction 
factor  F  (F  1).  The  model  was  used  to  calculate 
the  body  burden  of  ethylene  oxide  in  rats  re¬ 
sulting  from  various  conditions  of  exposure  to 
ethylene  or  ethylene  oxide  gases  [23].  For 
humans,  the  steady  state  level  of  hydroxy- 
ethylated  N-terminal  valine  of  hemoglobin  re¬ 
sulting  from  endogenously  produced  ethylene 
was  calculated  and  verified  by  direct  measure¬ 
ments  [24]. 

Furthermore,  the  two-compartment  model 
proved  to  be  excellent  for  studying  the  tox¬ 
icokinetics  of  inhaled  chemical  mixtures.  Since 
exposure  to  mixtures  of  styrene  and  1,3- 
butadiene  can  occur  especially  in  the  manufac¬ 
ture  of  copolymers  such  as  styrene-butadiene 
rubber,  we  have  investigated  the  toxicokinetic 
interactions  of  both  chemicals  in  rats  co-exposed 
to  atmospheric  mixtures.  In  order  to  obtain 
values  for  Vmax,  Kmapp  and  the  inhibition  con¬ 
stant,  the  measured  data  were  analyzed  using  the 
two-compartment  model  [25]  and,  alternatively,  a 
physiologically-based  toxicokinetic  model  [26]. 
The  results  obtained  by  both  models  and  the 
conclusion  drawn  are  very  similar:  styrene  inhib¬ 
its  the  metabolism  of  1,3-butadiene  but  1,3- 
butadiene  has  no  effect  on  the  metabolism  of 
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styrene.  Therefore,  co-exposure  to  both  sub¬ 
stances  might  result  in  a  lower  carcinogenic  risk 
than  exposure  to  1,3-butadiene  alone. 

4.  Physiologically-based  toxicokinetic  models 

Physiologically-based  models  describe  the  or¬ 
ganism  by  a  set  of  compartments  representing 
individual  or  lumped  tissues  and  organs.  The 
compartments  are  linked  with  each  other  by  a 
circulating  flow  corresponding  to  the  blood¬ 
stream  represented  by  arterial  and  venous  blood 
(Fig.  6).  Following  absorption  of  a  chemical,  it 
enters  each  compartment  via  the  arterial  blood 
and  leaves  it  via  the  venous  blood.  The  compart¬ 
ments  are  characterized  by  physiological  parame¬ 
ters  (as  tissue  volumes  and  blood  flows  through 


ST(OH)2 


Fig.  6.  Schematic  structure  of  the  physiologically-based  tox¬ 
icokinetic  model  used  to  describe  the  toxicokinetics  of 
styrene  and  styrene-7, 8-oxide  in  rodents  and  humans  [7]. 


the  compartments)  and  by  physicochemical  pa¬ 
rameters  (as  the  partition  coefficients  tissue/ 
blood).  For  metabolizing  organs,  metabolic  pa¬ 
rameters  (as  Vmax  and  Km)  are  included.  General¬ 
ly,  reference  values  for  the  physiological  parame¬ 
ters  can  be  taken  from  the  literature.  The  parti¬ 
tion  coefficients  of  volatile  compounds  can  be 
determined  in  vitro  as  mentioned  above.  The 
values  for  the  metabolic  parameters  can  be 
derived  by  fitting  model  simulated  curves 
through  concentration-time  courses  obtained  in 
vivo  (e.g.  from  blood,  expired  air  and  urine)  or 
from  in  vitro  experiments  using  fractions  of 
organs  or  tissues  (e.g.  microsomes  and  cytosol). 

Physiologically-based  toxicokinetic  models  are 
especially  suitable  for  studying  the  influence  of 
physicochemical,  physiological  and  biochemical 
parameters  on  the  toxicokinetics  of  a  substance. 
Changes  in  the  toxicokinetic  behaviour  become 
predictable  by  altering  the  appropriate  parame¬ 
ters.  Since  the  physicochemical  and  biochemical 
parameters  can  be  obtained  from  in  vitro  de¬ 
terminations,  physiologically-based  toxicokinetic 
models  are  most  helpful  for  predictions  of 
species  specific  kinetics  and  also  for  understand¬ 
ing  and  interpreting  observations. 

As  an  example,  Fig.  6  presents  a  physiologi¬ 
cally-based  toxicokinetic  model  which  describes 
the  toxicokinetics  of  styrene  together  with  its 
reactive  metabolite  styrene-7, 8-oxide  (SO)  in 
mice,  rats  and  humans  [7].  It  is  based  on  a  model 
constructed  for  1,3-butadiene  and  its  metabolite 
butadiene  monoxide  [16].  The  model  includes 
inhalative  uptake  of  styrene,  its  oxidation  to  SO 
in  the  hepatocellular  endoplasmic  reticulum,  the 
immediate  hydrolysis  of  a  fraction  of  SO  via 
endoplasmic  epoxide  hydrolase  and  the  cytosolic 
conjugation  of  SO  with  glutathione. 

This  model  allows  the  prediction  of  the  fate  of 
styrene  and  SO  in  blood,  organs  and  tissues  of 
mouse,  rat  and  man  resulting  from  various 
scenarios  of  exposure  to  styrene  or  SO.  The 
curves  plotted  in  Fig.  7  represent  simulated  SO 
blood  concentrations  in  these  species  resulting 
from  steady  state  exposures  to  atmospheric 
styrene  concentrations  of  up  to  about  80  ppm 
(humans)  and  up  to  800  ppm  (rodents).  The 
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Fig.  7.  Steady  state  concentrations  of  styrene  oxide  in  blood 
of  mouse,  rat  and  man  at  exposure  to  constant  concentrations 
of  styrene  vapors.  Values  for  man  [27J.  for  rodents  [28]: 
curves  predicted  by  means  of  the  model  presented  in  [7], 

curves  can  be  compared  to  SO  blood  concen¬ 
trations  measured  at  steady  state,  also  shown  in 
the  figure.  At  low  concentrations,  the  ratio  of  the 
atmospheric  styrene  concentrations  to  the  re¬ 
sulting  SO  blood  concentrations  is  constant  in 
the  three  species.  In  humans,  no  data  resulting 
from  styrene  concentrations  higher  than  80  ppm 
are  available.  In  rats,  SO  blood  concentrations 
approach  a  maximum  value  at  an  exposure 
concentration  of  about  400  ppm  styrene.  It  can¬ 
not  be  surpassed  since  styrene  metabolism  lead¬ 
ing  to  SO  becomes  saturated.  In  mice  however,  a 
dramatic  increase  of  SO  in  blood  is  predicted  and 
also  observed.  It  is  the  result  of  a  complete 
depletion  of  the  hepatocellular  cytosolic  gluta¬ 
thione  in  this  species,  originating  from  continuing 
biotransformation  of  styrene  to  SO  even  at  high 
styrene  concentrations  at  which  styrene  metabo¬ 
lism  reaches  Vmax.  Under  these  conditions,  SO  is 
detoxified  by  epoxide  hydrolase  activity  almost 
exclusively.  Even  this  enzyme  reaches  the  limits 
of  its  capacity  being  unable  to  compensate  for 
the  loss  of  the  glutathione  dependent  pathway. 
Therefore,  small  interanimal  differences  in  vmax 
of  hepatocellular  endoplasmic  epoxide  hydrolase 
result  in  significant  differences  in  the  individual 
SO  blood  concentrations  in  mice  leading  to  high 


inter-animal  variances.  All  these  effects  have 
been  predicted  by  the  model  and  have  been 
verified  by  the  data  shown  in  Fig.  7  and  by  a 
series  of  further  in  vivo  measurements  [7]. 

5.  Disadvantages  and  advantages  of  both  model 
structures 

Since  the  two-compartment  model  describes 
the  organism  by  a  single  homogenous  compart¬ 
ment,  it  has  an  inherent  structural  limitation: 
Multicompartmental  phenomena  like  redistribu¬ 
tion  from  a  storage  compartment  (e.g.  redistribu¬ 
tion  of  styrene  from  fatty  tissue  into  blood)  or 
simultaneous  metabolism  in  different  tissues  can¬ 
not  be  distinguished  by  this  model.  Its  advantage 
over  a  physiologically-based  toxicokinetic  model 
is  the  reduced  uncertainty  (higher  safety)  of  the 
parameters  obtained  by  curve  fits,  which  results 
from  the  limited  number  of  variables  and  also 
the  independent  estimation  of  inhalation  and 
exhalation  clearances  due  to  the  closed  chamber 
technique.  The  model  allows  the  quantification 
of  processes  representing  invasion,  accumulation, 
excretion  and  biotransformation.  Additionally,  it 
can  be  used  to  calculate  tissue  concentrations  at 
steady  state  if  the  partition  coefficients  tissue /air 
are  known. 

In  contrast,  use  of  physiologically-based  tox¬ 
icokinetic  models  for  estimating  numerical  values 
of  model  parameters  by  fitting  simulated  curves 
through  measured  data  is  unsatisfactory,  since 
the  values  obtained  are  highly  influenced  by  the 
structure  of  the  model  and  by  inaccuracies  of  the 
physiological  and  physicochemical  parameters 
included  in  the  model.  However,  physiological 
models  are  more  imaginable,  since  they  allow  the 
incorporation  of  physiologically  and  biochemical¬ 
ly  relevant  mechanisms  in  the  model  structure 
resulting  in  deeper  insights  into  the  toxicokinetic 
processes.  In  particular,  concentrations  in  differ¬ 
ent  tissues  or  organs  due  to  rapidly  changing 
exposure  conditions  (e.g.  daily  or  weekly  varia¬ 
tions  of  exposure  at  work  place)  can  be  simu¬ 
lated  by  such  models.  Perhaps  the  most  impor¬ 
tant  application  could  lie  in  their  usability  for 
predictions  of  species  specific  kinetics  from  in 
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vitro  data  and  for  helping  to  explore  and  under¬ 
stand  the  mechanisms  leading  to  the  toxic  action. 


6.  Conclusion 

Different  approaches  can  be  used  for  the  study 
of  the  toxicokinetics  of  gaseous  compounds.  The 
choice  of  the  appropriate  model  should  be  based 
on  the  problems  to  be  solved. 
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Abstract 

Physiologically-based  models  for  metals  differ  in  several  key  respects  from  models  for  organic  compounds. 
Although  sequestration  by  binding  to  specific  metal-binding  proteins  in  liver,  kidney,  and  red  cell  may  be 
important,  neither  the  magnitude  and  pattern  of  metabolism  nor  potential  accumulation  in  fat  is  a  component  of 
models  of  metal  kinetics.  In  addition,  the  long  residence  times  of  bone-seeking  elements  require  that  bone  turnover 
and  metabolism  be  incorporated  into  physiologically-based  models  for  these  elements.  Three  mechanisms  (rapid 
exchange  at  bone /blood  interfaces,  trapping  or  incorporation  with  forming  bone  and  loss  with  resorbing  bone,  and 
slow  exchange  throughout  the  total  bone  volume)  are  potentially  important  in  the  overall  interchange  of 
bone-seeking  elements  between  blood  and  bone.  Three  examples  are  given  of  applications  of  physiologically-based 
kinetic  models  for  the  bone-seeking  elements  lead,  chromium,  and  uranium  to  assist  in  answering  practical 
questions  relating  to  bioavailability,  distribution,  and  data  interpretation. 

Keywords:  PBK  models,  metals;  Lead;  Uranium;  Chromium 


1.  Introduction 

The  components  of  physiologically-based 
models  of  the  kinetic  behavior  of  metals  are 
quite  different  from  the  components  of  physio¬ 
logically-based  models  of  the  behavior  of  drugs 
or  solvents,  for  which  the  nature  and  magnitude 
of  metabolism  are  integral  to  the  model  and 
uptake  into  fat  is  frequently  a  driving  force  in 
disposition.  Although  they  may  change  oxidation 
state  in  the  body  or  shift  in  their  association  with 
organic  ligands,  metals  are  not  metabolized  in 
the  sense  in  which  organic  chemicals  are.  They 
do  not  accumulate  preferentially  in  fat  but  they 
may  accumulate  in  other  tissues,  most  commonly 


the  liver  or  the  kidney,  sometimes  in  association 
with  specific  metal-binding  proteins.  They  may 
be  sequestered  in  the  red  cell  in  such  a  way  that 
plasma  becomes  the  driving  force  for  their  entry 
into  tissues.  In  addition,  certain  elements  are 
incorporated  into  bone,  either  by  trapping  in 
some  fashion  (aluminum,  chromium)  or  by  sub¬ 
stitution  for  constituents  of  the  bone  crystal 
matrix  (uranium,  strontium,  lead).  These  ele¬ 
ments  have  long  residence  times  in  the  bone  and 
consequently  in  the  body.  Therefore,  especially  if 
ambient  exposure  is  significant,  it  is  necessary  to 
include  anatomic  and  physiologic  changes  associ¬ 
ated  with  growth,  and  in  particular  of  bone 
growth,  in  any  physiologically-based  model  for 
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bone-seeking  elements.  The  three  examples  of 
applications  of  physiologically-based  models 
given  in  this  paper,  for  the  bone-seeking  ele¬ 
ments  lead,  chromium,  and  uranium,  are  based 
on  a  physiologic  model  of  rat  bone  growth  and 
turnover  [1]. 

Bone-seeking  elements  are  taken  up  into  and 
released  from  bone  by  three  principal  mecha¬ 
nisms.  One  is  rapid  exchange  at  all  surfaces  of 
the  bone  in  contact  with  blood  vessels,  one  is 
incorporation  into  forming  bone  and  return  to 
the  blood  with  resorbing  bone,  and  the  third, 
which  applies  only  to  those  elements  whose  size 
and  charge  density  allow  them  to  substitute  for 
constituents  of  the  crystal  matrix,  is  a  heteroionic 
exchange  process  that  can  be  modeled  as  diffu¬ 
sion  throughout  the  entire  bone  volume.  The 
quantitative  importance  of  this  slow  exchange 
mandates  consideration  of  the  timing  and  pattern 
of  exposure,  and  therefore  also  of  growth  and 
aging.  These  three  mechanisms  for  the  exchange 
of  metals  in  bone  are  included  as  required  in  the 
physiologically-based  models  used  in  the  applica¬ 
tions  below,  along  with  interchanges  in  liver, 
kidney,  lung,  richly-perfused  tissues,  and  poorly- 
perfused  tissues,  and  excretion  from  liver  and/or 
kidney.  All  processes  are  linked  to  lean  body 
weight  and/or  to  its  rate  of  change. 

2.  Application  of  model  in  bioavailability 
studies 

The  purpose  of  these  studies  was  to  estimate 
the  fractional  bioavailability  of  lead  from  mine 
waste-containing  soils  through  an  exposure  in  the 
gastrointestinal  tract.  The  experimental  design 


[2]  was  a  conventional  one.  Groups  of  male  and 
female  Sprague-Dawley  rats,  7-8  weeks  old  at 
the  start  of  the  study,  were  administered  one  of 
eight  different  dose  levels  of  the  mine  waste  soil, 
admixed  in  their  diet,  for  30  days.  The  30-day 
exposure  period  was  chosen  because  blood  lead 
concentration  reaches  an  approximate  apparent 
steady  state  after  that  time,  although  it  has  not  in 
fact  reached  steady  state  relative  to  bone  lead. 
Other  groups  were  given  one  of  five  different 
dose  levels  of  the  soluble  salt  lead  acetate,  while 
the  reference  dose  group  was  administered  lead 
acetate  intravenously,  daily  for  30  days.  At  the 
end  of  the  dosing  period,  blood,  liver,  and  bone 
(femur)  lead  were  assayed  in  all  rats. 

In  the  standard  method  for  estimation  of 
bioavailability,  tissue  concentrations  in  the  mine 
waste-fed  animals  are  compared  with  tissue  con¬ 
centrations  in  the  lead  acetate-fed  animals;  these 
concentrations,  in  turn,  are  referenced  to  tissue 
concentrations  in  the  intravenous  lead  acetate 
groups.  The  results  are  shown  in  Table  1.  The 
three  highest  mine  waste  dose  groups  could  not 
be  used  in  this  calculation  because  tissue  con¬ 
centrations  exceeded  those  observed  in  the  lead 
acetate  groups.  As  illustrated  in  Table  1,  esti¬ 
mated  bioavailability  varies  with  the  tissue. 
There  is  no  systematic  dependence  of  estimated 
bioavailability  on  dose. 

These  data  were  reanalyzed  using  a  physiologi¬ 
cally-based  model  of  lead  kinetics  [3].  The  model 
was  fit  simultaneously  to  blood  and  bone  lead 
concentrations  after  the  30-day  oral  exposure, 
allowing  only  fractional  absorption  from  the 
gastrointestinal  tract  to  vary.  The  single  fraction¬ 
al  absorption  value  that  gave  the  best  fit  to  blood 
and  bone  lead  concentrations  at  each  dose  was 


Table  1 

Absolute  percent  bioavailability  of  lead  from  mine  waste-containing  test  soils  added  to  feed  of  juvenile  male  Sprague-Davvlev 
rats.  Conventional  calculation 


Lead  dose, 
ppm 

Lead  dose, 

mg/ kg/ day  for  30  days 

Bioavailability  determined 

from 

Blood  concentrations 

Bone  concentrations 

Liver  concentrations 

1.62 

0.124 

1.3  (9.0) 

0.36  (1.6) 

0.26  (1.3) 

4.05 

0.314 

2.3  (3.1) 

0.48  (0.64) 

1.4  (0.75) 

7.82 

0.680 

L3  (1.4) 

0.09  (0.34) 

0.12  (0.32) 

16.2 

1.20 

2.2  (0.8) 

0.48  (0.25) 

0.45  (0.25) 

19.5 

1.67 

1.6  (0.6) 

0.35  (0.16) 

0.11  (0.15) 

Standard  Error  in  parentheses. 
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Table  2 

Absolute  percent  bioavailability  of  lead  from  mine  waste-containing  test  soils  added  to  feed  of  juvenile  male  Sprague-Dawley 


rats.  Estimated  using  PBK  model 


Lead  dose,  ppm 

Lead  dose. 

mg /kg /day  for  30  days 

Bioavailability 

Males 

Females 

Males 

Females 

7.82 

0.680 

0.916 

1.60 

- 

16.20 

1.20 

1.88 

1.20 

0.90 

19.50 

1.67 

2.31 

0.95 

0.85 

40.50 

3.36 

4.40 

0.57 

0.41 

78.20 

5.42 

7.63 

0.52 

0.37 

195.0 

12.7 

23.8 

0.30 

0.24 

designated  the  fractional  bioavailability  at  that 
dose.  Growth  of  the  juvenile  animals  was  taken 
into  account  in  simulating  the  30-day  exposure. 
The  results  of  the  reanalysis  are  given  in  Table  2. 
The  two  lowest  dose  groups  of  males,  and  the 
three  lowest  of  females,  were  excluded  from  the 
reanalysis  because  tissue  concentrations  were 
essentially  indistinguishable  from  concentrations 
in  the  control  group  (background  concentra¬ 
tions).  A  systematic  dose  dependence  of  fraction¬ 
al  absorption  emerges  from  the  remainder  of  the 
data  set,  with  fractional  absorption  decreasing  as 
the  dose  increases. 

While  it  appears  from  the  results  as  presented 


0  5  10  15  20  25 


DOSE  LEVEL  [mg  Pb/kg  BW/day] 

Fig.  1.  Dependence  of  fractional  bioavailability  of  lead  from 
mine  waste  soil  on  rate  of  lead  ingestion  in  male  and  female 
rats.  Reproduced  with  permission  from  Polak  et  al.  [3]. 


in  Table  2  that  fractional  absorption  was  lower  in 
the  females  than  in  the  males,  this  is  not  the  case. 
The  female  rats  in  this  study  were  eating  more 
than  the  males.  When  dose  rate  is  expressed  as 
the  amount  of  lead  ingested  per  unit  body  weight 
per  day  for  male  and  female  rats  (Fig.  1),  both 
the  smooth  progression  from  higher  to  lower 
fractional  absorption  with  increasing  dose  and 
the  absence  of  any  gender  dependence  are  ap¬ 
parent.  The  advantages  of  using  the  physiologi¬ 
cally-based  model  for  the  purpose  of  estimating 
fractional  bioavailability,  then,  are  that  the 
model  integrates  tissue  concentrations  from  each 
dose  group  into  a  single  estimate  of  bioavail¬ 
ability,  that  it  gives  absolute  bioavailability  di¬ 
rectly  without  need  for  either  intravenous  or  oral 
reference  exposure  groups,  and  that  it  does  not 
require  dosing  to  steady  state. 

3.  Application  of  model  to  assist  with 
interpretation  of  distribution  data 

The  oxidation  state  of  chromium  raises  risk 
assessment  issues.  The  carcinogenicity,  and  pos¬ 
sibly  the  toxicity,  of  chromium  appear  to  be  due 
to  generation  of  reactive  intermediates  in  the 
process  of  reduction  of  Cr(VI)  to  Cr(III).  Re¬ 
duction  is  rapid  in  both  the  lung  and  the  gas¬ 
trointestinal  tract.  Consequently,  whether  signifi¬ 
cant  amounts  of  Cr(VI)  are  able  to  reach  tissues 
unchanged  is  an  important  question. 

A  number  of  published  data  sets  were  used  in 
the  development  and  calibration  of  a  physiologi¬ 
cally-based  model  of  chromium  kinetics  [4].  One 
of  the  most  complete  is  that  of  Weber  [5].  In  this 
study,  adult  male  Sprague-Dawley  rats  were 
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given  a  soluble  MCr  salt,  sodium  dichromate,  as  a 
single  intratracheal  administration.  Multiple  tis¬ 
sues  were  monitored  for  their  total  chromium 
concentration  for  40  days  following  the  exposure. 
Fig.  2  shows  the  profile  of  liver  total  chromium 
content  along  with  the  corresponding  simulation 
fit  to  these  data.  Given  the  relative  rates  of 
Cr(VI)  and  Cr(III)  transfer  into  tissues,  the  liver 
data  can  be  fit  only  if  Cr(VI)  is  allowed  to 
account  for  the  initial  peak.  Alternative  explana¬ 
tions  -  for  example,  absorption  of  Cr(VI)  trans¬ 
ferred  from  the  lung  to  the  gastrointestinal  tract 
-  were  examined  and  found  to  be  incapable  of 
generating  the  observed  initial  peak.  The  simula¬ 
tion,  broken  down  into  its  Cr(VI)  and  Cr(III) 
components,  is  illustrated  in  Fig.  3.  The  advan¬ 
tage  of  using  a  physiologically-based  model  to 
assist  with  interpretation  of  these  data  is  that  its 
basis  in  physiology  and  in  the  known  membrane 
transfer  properties  of  Cr(III)  and  Cr(VI)  allows 
the  kinetic  behavior  of  total  chromium  to  be 
factored  into  the  separate  contributions  of  the 
two  oxidation  states. 


Fig.  2.  Amount,  as  percent  of  administered  dose,  of  total 
chromium  in  liver  of  rats  given  a  single  intratracheal  dose  of 
sodium  dichromate.  Data  from  Weber  [5].  The  line  is  the 
simulation.  Reproduced  with  permission  from  O'Flaherty  [4], 


Fig.  3.  The  simulation  of  Fig.  2  (solid  line),  broken  down  into 
its  Cr(VI)  (dotted  line)  and  Cr(III)  (dashed  line)  compo¬ 
nents. 


4.  Application  of  model  to  explain  anomalous 
data 

Uranium,  like  lead,  is  a  bone  volume-seeking 
element.  As  part  of  a  larger  study  whose  purpose 
was  to  determine  whether  bone  uptake  of 
uranium  might  be  a  factor  in  its  chronic  renal 
toxicity  [6],  uranium  was  administered  to  rats  for 
14  days  by  means  of  an  osmotic  pump  implanted 
intraperitoneally.  Key  tissues  were  monitored  for 
their  uranium  content  before,  during,  and  for  100 
days  after  the  14-day  exposure  period.  A  variant 
of  the  physiologically-based  lead  model  was 
calibrated  to  these  concentration  data.  In  order 
to  estimate  urinary  clearance  for  model  cali¬ 
bration,  rats  were  placed  in  metabolism  cages 
overnight  with  free  access  to  water  but  not  to 
food.  The  relationship  of  the  rate  of  urinary 
uranium  excretion  to  the  concentration  of 
uranium  in  the  blood  is  illustrated  in  Fig.  4. 
Urinary  uranium  clearance  was  estimated  to  be 
0.7  1/day. 

When  the  values  of  other  model  parameters 
were  optimized  by  fitting  the  model  simultan- 
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Blood  Uranium  Concentration,  ug/L 

Fig.  4.  Relationship  of  the  rate  of  urinary  uranium  excretion 
to  the  concentration  of  uranium  in  the  blood.  O,  the  means 
and  standard  deviations  of  observations  in  three  rats,  are 
from  a  study  design  in  which  the  rats  were  fasted  overnight 
during  urine  collection;  □,  data  from  three  uranium-exposed 
and  two  control  rats  allowed  free  access  to  food  during  urine 
collection. 


eously  to  tissue  and  urine  concentrations,  the 
model  was  found  to  be  incompatible  with  the 
concentration  data.  Fig.  5  illustrates  the  opti¬ 
mized  model  fit  to  kidney  concentrations.  While 
tissue  concentrations  could  be  fit  well  indepen¬ 
dently  of  urine  concentrations,  simulated  urinary 
excretion  had  to  be  much  higher  than  observed 
excretion  in  order  to  achieve  these  fits  (Fig.  6). 
The  nature  of  the  model  incompatibility,  then, 
suggested  that  the  previously-estimated  value  of 
urinary  clearance  might  be  incorrect. 

The  urinary  clearance  experiment  was  re¬ 
peated,  with  three  rats  housed  singly  in  metabo¬ 
lism  cages  for  the  duration  of  the  14-day  osmotic 
pump  exposure  period.  During  this  time,  the  rats 
had  free  access  to  water  and  to  a  controlled 
amount  of  food,  18  g/day,  adequate  to  maintain 
growth  but  low  enough  to  discourage  scattering 
of  feed  about  the  cages.  Urinary  clearance  was 
estimated  by  means  of  24-h  urine  collections  on 
the  last  day  of  exposure.  Fig.  4  shows  the  rate  of 


Fig.  5.  Optimized  model  fit  to  kidney  uranium  concentrations 
during  and  after  14-day  exposure  of  rats  by  means  of  an 
osmotic  pump  implanted  intraperitoneally.  Data  are  the 
means  and  standard  deviations  of  observations  in  three  rats. 


Fig.  6.  Simulated  rate  of  urinary  uranium  excretion  required 
in  order  to  achieve  good  tissue  concentration  fits  as  ex¬ 
emplified  by  Fig.  5,  compared  with  observed  urinary  excre¬ 
tion  during  urine  collection  from  rats  fasted  overnight.  Data 
are  the  means  of  observations  in  three  rats. 


Rate  of  Urinary  Uranium  Excretion,  ug/da 


372 


E.J.  O 'Flaherty  /  Toxicology  Letters  82! S3  ( 1995)  367-372 


urinary  uranium  excretion  in  these  three  rats. 
The  corresponding  uranium  clearance  was  calcu¬ 
lated  to  be  about  3  1  /  day,  or  more  than  four 
times  the  value  previously  estimated.  When  the 
time  course  of  urine  uranium  concentration  is 
simulated  by  alternating  the  larger  clearance 
value  during  periods  of  free  access  to  food  with 
the  lower  clearance  value  during  housing  in 


Fig.  7.  Rate  of  urinary  uranium  excretion  during  and  after 
14-day  exposure  of  rats  by  means  of  an  osmotic  pump 
implanted  intraperitoneally.  Excretion  was  simulated  by 
alternating  periods  of  higher  (3.0  1  /day )  urinary  clearance 
while  the  rats  had  access  to  food  with  periods  of  lower  (0.7 
1/dav)  urinary  clearance  during  overnight  fasting.  Data  are 
the  means  of  observations  in  three  rats. 


metabolism  cages  without  access  to  food  (Fig.  7), 
the  adjusted  simulation  reproduces  well  the  urine 
concentration  profile  originally  observed.  In  this 
study,  therefore,  application  of  the  physiologi¬ 
cally-based  model  correctly  suggested  the  source 
of  a  fault  in  the  original  experimental  design. 

These  three  examples  of  practical  applications 
of  physiologically-based  kinetic  models  for  ele¬ 
ments  incorporated  into  bone  illustrate  how  such 
models  can  be  used  to  assist  in  interpreting 
experimental  data  and  in  suggesting  sources  of 
model  incompatibility  with  data. 
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Abstract 

Because  many  environmental  toxicants  are  ubiquitous,  humans  are  continuously  exposed  to  them.  At  other 
times,  certain  populations  may  be  more  highly  exposed  to  these  toxicants  from  point  sources.  The  evaluation  of  the 
degree  of  the  exposure  to  either  a  population  or  an  individual  is  frequently  based  on  indirect  surrogates  of 
exposure,  such  as  questionnaire  data  on  time-activities  and/or  concentrations  measured  in  environmental  media. 
We  prefer  to  assess  the  degree  of  the  exposure  to  a  given  toxicant  by  measuring  the  concentration  of  the  toxicant, 
its  metabolite(s),  or  reaction  product(s)  in  human  specimens.  Then  by  applying  pharmacokinetic  information  for 
that  toxicant,  we  can  best  reconstruct  the  exposure  scenario.  These  data  are  then  compared  to  reference  range 
levels  of  these  toxicants  in  the  preferred  biologic  specimen.  The  development  and  uses  of  the  reference  range  data 
are  exemplified  by  case  studies  including  potential  exposure  to  dioxin  and  solvents. 

Keywords:  Internal  dose;  Reference  range  levels;  VOCs;  Dioxin 


1.  Introduction 

Reference  ranges  for  biomarkers  are  used 
extensively  in  clinical  medicine,  e.g.,  cholesterol, 
triglyceride,  and  various  enzyme  levels.  Safety 
levels  of  urinary  and  blood  biomarkers  of  expo¬ 
sure  are  used  to  a  lesser  extent  to  help  ensure 
safety  in  the  workplace,  e.g.,  the  Biological 
Exposure  Indices  (BEI)  in  the  United  States  and 
the  MAK  values  in  Germany.  However,  refer¬ 
ence  levels  of  exposure  biomarkers  have  not 
been  used  to  the  same  extent  in  environmental 
health.  We  have  developed  reference  range  levels 
for  32  volatile  organic  compounds  (VOCs)  in 
human  blood  and  12  urinary  pesticides  or  their 
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metabolites  in  the  general  population  of  the 
United  States  as  part  of  our  priority  toxicant 
reference  range  study  [1].  In  other  epidemiologic 
studies,  we  have  compared  levels  of  the  internal 
dose  of  environmental  toxicants  or  their  metabo¬ 
lites  in  potentially  exposed  populations  with 
other  referent  populations  such  as  controls.  Es¬ 
tablishment  and  applications  of  these  reference 
data  are  described  in  several  epidemiologic 
studies  that  involve  different  classes  of  environ¬ 
mental  toxicants. 


2.  Volatile  organic  compounds  (VOCs) 

Many  volatile  organic  compounds  (VOCs)  are 
ubiquitous  in  the  environment.  They  have  been 
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shown  to  exist  in  higher  concentrations  in  indoor  and  Prevention  (CDC)  scientists  developed  an 

air  than  in  outdoor  air  [2].  Reported  health  isotope-dilution  purge  and  trap  gas  chromatog- 

effects  from  exposure  to  VOCs  have  included  eye  raphy/mass  spectrometry  method  to  quantify  32 

irritation,  sick-building  syndrome,  neurologic  ef-  VOCs  (Table  1)  in  10  ml  of  blood  with  detection 

fects,  and  cancer.  Centers  for  Disease  Control  limits  in  the  parts-per-trillion  range  [3].  This  is  a 


1  ULML  1 

Biological  monitoring  measurements  currently  performed  at  the  National  Center  for  Environmental  Hi 
Centers  for  Disease  Control  and  Prevention  (CDC) 


(NCEH)  of  the 


Metals* 

Leacl  Beryllium 

Mercury  Chromium 

Cadmium  Nickel 

Arsenic  Thallium 

Vanadium 

Polychlorinated  dibenzo-p-dioxins,  polychlorinated  dibenzofurans,  coplanar  polychlorinated  biphenyls  (PCBs)1’ 

2.3.7.8- Tetrachlorodibenzo-p-dioxin  (TCDD)  1,2,3,4,7,8-Hexachlorodibenzofuran  (HVCD 

1.2.3.7.8- Pentachlorodibenzo-/z-dioxin  (PnCDD)  1,2,3,6,7,8-Hexachlorodibenzofuran  ( HXCD 

1 .2.3.4.7 .8- Hexachlorodibcnzo-p-dioxin  (HXCDD)  1,2,3,7,8,9-Hexachlorodibenzofuran  (HXCD 

1.2.3.6.7.8- HexachIorodibenzo-/;-dioxin  (HXCDD)  2,3,4,6,7,8-Hexachlorodibenzofuran  (HXCD 

1. 2.3.7. 8.9- Hexachlorodibenzo-/>dioxin  (HxCDD)  1.2,3.4,6,7,8-Heptachlorodibenzofuran  (HpC 

1 ,2.3.4, 6,7,8  Heptachlorodibenzo-/;-dioxin  (HpCDD)  1 ,2,3,4,7.8.9-Heptachlorodibenzofuran  ( HpC 

1.2.3.4.6.7.9- Heptachlorodibenzo-/?-dioxin  (HpCDD)  1,2.3,4,6,7.8,9-Octachlorodibenzofuran  (OC 

1. 2.3 .4.6.7. 8.9- Octachlorodibenzo-/>dioxin  (OCDD)  3,3,,4.4'-Tetrach!orobiphenyl  (TCB) 

2.3.7.8- Tetrachlorodibenzofuran  (TCDF)  3.4.4',5-Tetrachlorobiphcnyl  (TCB) 

1.2.3.7.8- Pentachlorodibcnzofuran  (PnCDF)  3.3,.4.4',5-Pentachlorobiphenyl  (PnCB) 

2.3.4.7.8- Pentachlorodibenzofuran  (PnCDF)  3,3A4\5.5^Hexachlorobiphenyl  (HXCB) 

Volatile  organic  compounds  (VOCs)L 

1 . 1 .1  -Trichloroethane  Chlorobenzene 

1.1.2.2- Tetrachlorocthane  Chloroform 

1 .1.2- Trichloroethane  c/.v-l,2-Dichloroelhene 

1 . 1  -Dichloroethane  Dibromochloromethane 

1 , 1  -Dichloroethene  Dibromomethane 

1 .2- Dichlorobenzene  Ethylbenzene 

1 .2- Dichloroethane  Hexachloroethane 

1 .2- DichIoropropane  w-/p-Xylene 

1.3- Dichlorobenzene  Methylene  chloride 

1 .4- Dichlorobenzene  o-Xylene 

2-Butanone  Styrene 

A  ce  t  one  Te  t  r  ach  I  o  roe  t  h  e  n  e 

Benzene  Toluene 

Bromodichloromethanc  trans-X  ,2-Dichloroethene 

Bromoform  Trichloroethene 

Carbon  Tetrachloride 

Chlorinated  pesticides  and  non-coplanar  polychlorinated  biphenyls  ‘ 

Aldrin  “  DDE 

Chlordane,  alpha  DDT 

Chlordane,  gamma  Dieldrin 

beta-Hexachlorocyclohexane  Endrin 

gamma-Hexachlorocyciohexane  Heptachlor 

Biphenyls,  polychlorinated  (total)  Heptachlor  epoxide 

Biphenyls,  polychlorinated  (individual  congeners)  Hexachlorobenzene 

DDD  Mirex 

trans- Nonachlor  Oxychlordane 


1.2.3.4.7.8- Hexachlorodibenzofuran  (HXCDF) 

1.2.3.6.7.8- Hexachlorodibenzofuran  ( HXCDF) 

1.2.3.7.8.9- Hexachlorodibenzofuran  (HXCDF) 

2.3.4.6.7.8- Hexachlorodibenzofuran  (HXCDF) 

1.2.3.4.6.7.8- Heptachlorodibenzofuran  (HpCDF) 

1 .2.3.4.7.8.9- Heptachlorodibenzofuran  ( HpCDF) 

1.2.3.4.6.7.8.9- Octachlorodibenzofuran  (OCDF) 
3,3',4,4'-TetrachIorobiphenyl  (TCB ) 

3.4,4 ',5-Tetrachlorobiphenyl  (TCB) 
3.3',4.4',5-Pentachlorobiphenyl  (PnCB) 
3,3',4,4'.5.5,-Hexachlorobiphenyl  (HXCB) 

Chlorobenzene 

Chloroform 

cis- 1 ,2-Dichloroelhene 

Dibromochloromethane 

Dibromomethane 

Ethylbenzene 

H  exach  loroet  h  a  ne 

m-fp-X  ylene 

Methylene  chloride 

o-Xylene 

Styrene 

Te  t  r  ach  1  o  roe  t  h  e  n  e 
Toluene 

trans- 1 ,2-Dichloroethene 
Trichloroethene 


L.L.  Needham  et  al.  /  Toxicology  Letters  82/83  (1995)  373-378 


375 


Table  1  ( continued ) 


Non-persistent  pesticides0 

Urine  metabolites 
2-Isopropoxyphenol  (IPP) 

2.5- Dichlorophenol  (25DCP) 

2.4- Dichlorophenol  (24DCP) 
Carbofuranphenol 

2.4.6- Trichlorophenol  (246TCP) 

3.5.6- Trichloro-2-pyridinol  (TCPY) 
4-Nitrophenol  (4NP) 

2.4.5- Trichlorophenol  (245TCP) 

1- Naphthol  (1NAP) 

2- Naphthol  (2NAP) 

2.4- Dichlorophenoxyacetic  acid  (24D) 
Pentachlorophenol  (PCP) 

Dicamba 


Parent  pesticides 
Propoxur 

1.4- Dichlorobenzene 

1,3-Dichlorobenzene,  dichlofenthion,  prothiofos,  phosdiphen 
Carbofuran,  benfuracarb,  carbosulfan,  furanthiocarb 

1,3,5-Trichlorobenzene,  hexachlorobenzene,  lindane 
Chloropyrifos,  chlorpyrifos-methyl 
Parathion,  methyl  parathion,  nitrobenzene,  EPN 

1.2.4- Trichlorobenzene,  fenchlorphos,  trichloronate 
Naphthalene,  carbaryl 

Naphthalene 

2.4- D 

Pentachlorophenol 

Dicamba 


a  Urine  or  blood  sample,  3  ml;  typical  limit  of  detection,  low  parts-per-billion. 

b  All  analytes  measured  in  serum  from  one  25-ml  blood  sample  if  exposure  is  near  background  levels;  smaller  samples  are 
adequate  for  higher  exposures;  typical  limit  of  detection,  low  parts-per-trillion  on  a  lipid-weight  basis,  low  parts-per-quadrillion  on 
a  whole-weight  basis. 

c  All  analytes  measured  in  one  10-ml  blood  sample;  typical  limit  of  detection,  low  parts-per-trillion. 
d  All  analytes  measured  in  serum  from  one  5-ml  blood  sample;  typical  limits  of  detection,  low  parts-per-billion. 
e  All  analytes  measured  in  one  10-ml  urine  sample;  typical  limits  of  detection,  low  parts-per-billion. 


full-scan  method  at  3000  resolving  power,  so  that 
in  addition  to  acquiring  quantitative  data  on 
these  32  VOCs,  many  additional  VOCs  can  be 
qualitatively  identified  and  in  many  cases,  quan¬ 
tified  [4]. 

CDC,  with  financial  support  from  the  Agency 
for  Toxic  Substances  and  Disease  Registry 
(ATSDR),  selected  a  1000-person  subset  of  the 
NHANES  III  population  to  determine  reference 
ranges  for  these  32  VOCs.  The  1000  people  were 
chosen  from  both  genders,  all  regions  of  the 
contiguous  U.S.,  urban /rural  residents  and  were 
adults  between  20  and  59  years  of  age  [1].  The 
data  showed  that  11  of  these  VOCs  were  mea¬ 
sured  in  more  than  75%  of  the  people.  The 
non-chlorinated  aromatics,  including  styrene, 
toluene,  ethylbenzene,  o-xylene,  ra,p-xylene,  and 
benzene,  which  is  a  known  human  carcinogen, 
were  the  most  prevalent.  The  primary  sources  of 
these  compounds  are  tobacco  smoke  and  exhaust 
from  internal  combustion  engines.  The  xenobiot- 
ic  found  at  the  highest  concentration  and  highest 
frequency  was  1,4-dichlorobenzene  [5].  The 
blood  exposure  data  for  this  moth  repellent  and 
room  deodorizer  correlated  highly  with  urinary 


levels  of  its  primary  metabolite,  2,5-dichloro- 
phenol  [6]. 

Five  of  the  VOCs  were  found  in  10% -75%  of 
the  selected  population,  whereas  the  remainder 
of  the  VOCs  were  either  nondetectable  or  were 
detectable  in  less  than  10%  of  the  specimens 
tested.  Thus,  finding  this  latter  group  to  any 
significant  extent  in  case  populations  is  important 
in  human  effect  studies.  These  analytical  meth¬ 
ods  and  reference  range  studies  have  been  ap¬ 
plied  to  a  wide  variety  of  case  studies  and 
population  studies.  These  include  exposure  as¬ 
sessment  studies  of  toxic  waste  sites,  oil-well  fires 
[7],  sick  building  syndrome  [5],  multiple  chemical 
sensitivity,  and  oxygenated  fuels  involving 
methyl  tertiary-butyl  ether  (MTBE)  [8].  In  each 
of  these  examples,  the  blood  concentrations  of 
VOCs  were  compared  with  the  reference  range 
population  data. 

However,  pharmacokinetic  data  are  needed  to 
properly  interpret  blood  levels  of  VOCs.  Sci¬ 
entists  from  CDC  and  EPA  have  collaborated  in 
determining  the  half-lives  of  many  VOCs  in 
humans  subjected  to  low-level  mixtures  of  VOCs 
in  well-controlled  chamber  studies.  The  blood 
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half-lives  were  less  than  0.5  h,  but  the  elimination 
time  courses  were  multiexponential,  thereby  sug¬ 
gesting  multiple  storage  sites  within  the  body. 
The  blood  uptake  portion  of  the  4-h  exposure 
curve  exhibited  a  rapid  uptake  that  reached  a 
plateau  after  about  50  min;  the  uptake  rate  was 
not  concentration-dependent,  but  the  blood  con¬ 
centration  was  directly  dependent  on  the  air 
concentration.  When  exposure  ceased  after  4  h, 
the  decay  was  rapid,  but  the  decay  rate  also 
reached  a  plateau  after  about  1  h;  however,  the 
VOC  levels  remained  elevated  even  24  h  after 
exposure  as  compared  with  the  pre-exposure 
blood  levels.  Thus,  like  those  compounds  with 
long  biologic  half-lives,  such  as  dioxin,  VOCs  also 
can  be  the  focus  of  exposure  assessment  studies, 
if  the  blood  samples  are  collected  within  1  day 
following  exposure. 

3-  Dioxin:  Operation  Ranch  Hand  study 

From  1962  through  1970  during  the  Vietnam 
Conflict,  the  main  mission  of  the  U.S.  Air  Force’s 
Operation  Ranch  Hand  was  to  spray  defoliants, 
such  as  Agent  Orange,  over  densely  vegetated 
areas  of  South  Vietnam.  Agent  Orange  consisted 
of  an  equal  mixture  of  2,4-D  and  2,4,5-T  in  diesel 
oil;  the  2,4,5-T  was  contaminated  with  2, 3,7,8- 
TCDD  (dioxin)  in  the  parts-per-million  range. 
Dioxin  is  lipid  soluble  and  thus  tends  to  be 
stored  in  the  lipid-rich  depots  of  the  human 
body.  Dioxin  has  a  long  half-life  -  more  than  7 
years  in  humans  [9,10].  In  1982,  the  Air  Force 
began  a  prospective  cohort  study,  specifically 
looking  at  health,  reproductive,  and  mortality 
outcomes  that  might  be  associated  with  exposure 
to  Agent  Orange  and  other  herbicides  containing 
dioxin.  These  health  studies  will  be  performed  on 
the  veterans  of  Operation  Ranch  Hand  every  5 
years  through  the  year  2002.  One  of  the  first 
tasks  was  to  develop  an  exposure  index  in  order 
to  classify  each  veteran’s  exposure;  this  index 
would  then  be  used  as  the  basis  for  exposure  and 
for  correlating  with  any  health  effects. 

This  exposure  scenario  was  similar  to  that  of 
exposure  in  an  occupational  setting  in  that  the 
primary  exposure  was  thought  to  be  direct  expo¬ 


sure  to  the  herbicide  itself,  rather  than  exposure 
through  an  environmental  pathway.  The  expo¬ 
sure  index  consisted  of  the  average  concentration 
of  dioxin  in  the  Agent  Orange  during  one’s  tour 
of  duty  multiplied  by  the  number  of  gallons  of 
Agent  Orange  sprayed  during  one’s  tour  divided 
by  the  number  of  men  in  one’s  specialty  during 
that  period.  The  total  number  of  eligible  men  in 
the  study  was  limited  to  the  1200-1300  survivors 
of  the  Operation.  The  U.S.  Air  Force  and  vari¬ 
ous  review  boards  believed  that  this  exposure 
index  not  only  could  serve  as  a  reliable  basis  for 
assessing  exposure  to  dioxin  but  that  any  noted 
adverse  health  effects  could  be  related  to  this 
index. 

In  1987,  the  U.S.  Air  Force  contracted  with 
our  laboratory  to  analyze  150  serum  samples 
from  Operation  Ranch  Hand  veterans  in  order  to 
determine  if  these  veterans  had  been  unduly 
exposed  to  dioxin  and  to  compare  the  Air 
Force’s  exposure  index  with  the  measured  inter¬ 
nal  dose  of  the  veterans.  We  found  that  there  was 
a  wide  range  of  dioxin  levels  and  that  several 
were  orders  of  magnitude  higher  than  control 
[11].  In  addition,  there  was  essentially  no  correla¬ 
tion  between  the  exposure  index  and  the  serum 
dioxin  level  [12].  Because  of  this  finding,  the  Air 
Force  further  contracted  with  CDC  to  analyze 
the  serum  of  all  surviving  members  of  Operation 
Ranch  Hand,  and  this  serum  dioxin  level  became 
the  exposure  index  used  to  correlate  with  any 
adverse  health  effects  [11].  Had  the  Air  Force 
used  its  original  exposure  index  for  the  Oper¬ 
ation  Ranch  Hand  study,  a  great  deal  of  mis- 
classification  would  have  resulted,  and  any  health 
effect  conclusions  of  the  study  would  have  been 
invalid. 


4.  Dioxin:  U.S.  Army  ground  troops  in  Vietnam 

The  chemical  of  concern  was  again  the  dioxin 
in  Agent  Orange.  The  potential  environmental 
pathways  were  skin  contact  with  and  inhalation 
of  the  spray  containing  the  herbicide,  skin  con¬ 
tact  with  sprayed  vegetation  and  soil,  and  inges¬ 
tion  of  water  and  food  that  had  been  sprayed. 
The  amount  of  dioxin  in  the  Agent  Orange  from 
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1966-1969  was  known.  The  duration  of  contact 
was  gathered  from  questionnaires  given  to  the 
veterans  and  from  U.S.  military  records  con¬ 
taining  the  locations  of  military  units,  the  loca¬ 
tions  where  herbicide  was  sprayed,  and  the  dates 
when  the  herbicide  was  sprayed. 

Six  exposure  indices  were  generated  from  this 
information;  four  of  the  indices  were  based  on  a 
soldier’s  potential  for  exposure  from  direct  spray 
or  on  his  being  located  in  an  area  that  had  been 
sprayed  within  the  previous  6  days;  the  other  two 
exposure  indices  used  self-reported  data  and 
included  an  index  that  was  based  on  the  vet¬ 
eran’s  perception  of  to  how  much  herbicide  he 
had  been  exposed.  To  test  the  validity  of  these 
exposure  indices,  CDC  measured  blood-dioxin 
levels  in  646  enlisted  ground  troop  veterans  who 
had  served  in  III  Corps  for  an  average  of  300 
days  during  1966-1969.  For  comparison,  blood 
dioxin  levels,  in  97  non-Vietnam  U.S.  Army 
veterans  who  served  during  the  same  time  were 
also  measured  [12]. 

The  results  showed  no  meaningful  association 
between  dioxin  levels  and  any  of  the  exposure 
indices.  The  mean,  median,  and  frequency  dis¬ 
tributions  for  both  the  Vietnam  and  non-Vietnam 
veterans  were  remarkably  similar;  the  study  had 
a  95%  statistical  power  to  detect  a  difference  of 
only  0.6  ppt  in  the  medians,  but  this  difference 
was  not  found.  This  finding  exemplifies  the  value 
of  measurements  of  internal  dose  in  exposure 
assessment.  It  also  points  out  the  need  to  de¬ 
velop  specific  and  sensitive  methods,  for  if  the 
detection  limit  for  dioxin  had  been  20  ppt  (lipid 
adjusted),  then  almost  all  the  results  would  have 
been  nondetectable.  Furthermore,  because  ele¬ 
vated  exposures  could  not  be  documented,  plans 
for  a  prospective  cohort  health  study  were 
dropped. 


5.  Dioxin:  occupational  setting 

CDC’s  National  Institute  of  Occupational 
Safety  and  Health  (NIOSH)  conducted  a  re¬ 
trospective  study  to  evaluate  health  outcomes, 
including  mortality  from  cancer,  among  more 
than  5000  workers  who  may  have  been  occupa¬ 


tionally  exposed  to  dioxin,  as  a  result,  for  exam¬ 
ple,  of  the  production  of  2,4,5-trichlorophenol 
[14].  Many  of  these  workers  were  deceased. 
Because  many  were  deceased  and  because  of  the 
large  number  of  potentially  exposed  men, 
NIOSH  epidemiologists  had  to  develop  an  expo¬ 
sure  index  for  use  in  correlating  exposure  with 
the  health  outcomes  (the  effect).  Serum  dioxin 
measurements  were  performed  on  253  workers; 
the  results,  which  showed  serum  dioxin  levels 
from  nondetectable  to  greater  than  300  ppt,  were 
compared  to  various  exposure  indices.  From  this 
analysis,  epidemiologists  determined  that  the 
best  exposure  index  was  years  of  work  in  a  job 
with  potential  exposure.  Since  this  exposure 
index  had  been  validated  to  and  calibrated  with 
serum  dioxin  levels,  it  could  be  used  as  the 
exposure  index  in  this  study  and  exposure  and 
effects  could  be  compared  directly  with  those 
found  in  other  studies.  This  process  again  dem¬ 
onstrates  the  need  for  measuring  the  internal 
dose  in  exposure  assessment  or  health  effect 
studies  and  for  comparing  the  serum  dioxin 
levels  in  potentially  exposed  levels  to  reference 
levels. 


6.  Summary 

We  have  demonstrated  the  development  and 
utilization  of  internal  dose  levels  of  environmen¬ 
tal  toxicants.  We  have  developed  reference  range 
data  for  a  variety  of  other  environmental  toxic¬ 
ants  (Table  1).  We  believe  that  such  data  have  a 
variety  of  practical  uses,  such  as  in  risk  assess¬ 
ments  and  also  for  prioritizing  chemicals  to  be 
studied  in  programs  such  as  the  National  Tox¬ 
icology  Program  and  the  Toxic  Substances  Con¬ 
trol  Act. 
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Abstract 

A  major  public  health  concern  is  the  degree  to  which  environmental  or  occupational  exposures  to  exogenous 
chemicals  result  in  adverse  health  effects.  Biological  markers  have  the  potential  for  helping  to  answer  this  important 
question  by  providing  links  between  markers  of  exposures  and  markers  of  early  stages  of  the  development  of 
disease.  However,  that  potential  requires  in-depth,  mechanistic  research  to  be  fully  realized.  Biological  markers  of 
exposure  have  been  extensively  investigated,  and  mathematical  models  of  the  toxicokinetics  of  agents  have  been 
developed  to  relate  exposures  to  internal  doses.  The  field  of  clinical  medicine  has  long  used  clinical  signs  and 
symptoms  to  detect  disease.  However,  the  critical  area  of  research  needed  to  improve  the  application  of  biomarkers 
to  environmental  health  research  is  mechanistic  research  to  link  dose  to  critical  tissues  to  the  development  of  early, 
pre-clinical  signs  of  developing  disease.  Only  if  the  mechanism  of  disease  induction  is  known  can  one  determine  the 
‘biologically  effective’  dose  and  the  earliest  biological  changes  leading  to  disease. 

Keywords:  Biological  markers;  Toxicokinetics;  Pharmacodynamics;  Modeling;  Markers  of  exposure;  Markers  of 
effects 


1.  Biological  markers  of  exposure 

Biological  markers  of  exposure  are  exogenous 
substances  or  their  metabolites,  or  the  product  of 
an  interaction  between  a  xenobiotic  agent  and 
some  target  molecule  or  cell  that  is  measured  in 
a  compartment  within  an  organism  [1].  Because 
biomarkers  of  exposure  are  all  measures  of 
internal  substances,  they  are  biological  markers 
of  dosimetry  that  are  the  result  of  exposures 
(Fig.  1).  As  shown  in  Fig.  1,  one  could  poten¬ 
tially  have  biomarkers  for  each  of  the  indicated 
steps  that  link  an  exposure  to  a  clinical  disease. 
Even  the  markers  of  steps  that  are  not  directly  in 
the  line  leading  to  the  disease  process  can  be 
useful,  if  one  can  link  them  quantitatively  to 


steps  leading  to  disease.  For  example,  if  one 
knows  the  quantitative  relationship  between 
levels  of  hemoglobin  adducts  for  a  specific 
chemical  (example  of  noneffective  macromolecu- 
lar  adducts)  and  biologically  effective  liver  DNA 
adducts  (example  of  a  biologically  effective  dose) 
for  a  liver  carcinogen,  one  could  theoretically  use 
the  more  available  blood  adducts  as  a  predictor 
of  the  biologically  effective  dose. 

The  emphasis  on  quantitation  is  to  meet  the 
requirements  for  setting  regulations  for  allow¬ 
able  exposures  and  for  predicting  the  likelihood 
of  adverse  health  effects.  If  one  only  needs  to 
know  if  an  exposure  has  occurred,  the  presence 
of  a  biological  marker  specific  for  the  chemical  of 
concern  may  be  all  that  is  needed.  However,  for 
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Fig.  I.  Biomarkers  tor  risk  assessment.  Toward  the  left  are  biomarkers  of  dosimetry  resulting  from  exposures:  most  of  these 
markers  represent  values  obtained  from  toxicokinetic  studies.  Toward  the  right  are  biological  markers  of  effect:  many  of  these 
markers  are  standard  signs  and  symptoms  familiar  to  clinicians.  One  of  the  greatest  needs  in  biomarker  research  is  to  obtain  more 
inlormation  on  the  link  between  biologically  effective  doses  and  the  early,  initial  biological  changes  that  can  lead  to  disease:  such 
values  will  come  from  studies  on  mechanism  of  disease  induction. 


the  purposes  of  risk  assessment,  that  is,  deter¬ 
mining  the  potential  for  a  given  exposure  to  an 
exogenous  substance  to  cause  adverse  health 
effects,  one  needs  a  biomarker  that  can  be  (1) 
quantitatively  related  to  prior  exposures  to  a 
specific  chemical  and  (2)  can  be  quantitatively 
related  to,  or  predictive  of,  later  developing 
disease.  Strategies  to  meet  these  needs  are  de¬ 
scribed  below. 


2.  Strategies  for  use  of  biological  markers  of 
exposure  to  assess  prior  exposures 

Many  commonly  measured  pharmacokinetic 
values,  such  as  parent  compound  or  metabolites 
in  exhaled  breath,  blood,  or  urine,  macromolecu¬ 
lar  adducts  or  degradation  products  of  such 
adducts  that  appear  in  urine,  can  be  used  as 
biomarkers  of  exposure.  To  make  quantitative 
assessments  of  the  relationship  of  such  markers 
to  prior  exposures,  one  must  determine  the  rate 


of  formation  and  removal  (clearance)  of  the 
marker.  From  this  information,  one  can  predict 
the  steady-state  concentrations  of  the  marker 
following  various  exposure  scenarios.  Also,  with 
information  on  the  rate  of  formation  and  remov¬ 
al  of  a  marker,  and  the  factors  that  influence 
those  rates  (such  as  gender,  dose,  repeated  expo¬ 
sures,  route  of  exposure,  rate  of  exposure),  one 
can  develop  a  mathematical  model  that  will 
describe  the  concentration  of  the  marker  under 
different  exposure  conditions.  While  the  concen¬ 
tration  of  the  marker  cannot  be  used  to  indicate 
a  unique  exposure  scenario,  the  marker  can 
indicate  the  types  of  exposure  regimens  that 
would  produce  the  indicated  level  of  biomarker. 

From  a  practical  viewpoint,  one  cannot  use 
human  populations  to  determine  the  rate  of 
formation  and  clearance  of  markers  and  the 
influence  of  various  factors  on  those  rates. 
Therefore,  most  toxicokinetic  studies  are  con¬ 
ducted  in  animal  models.  From  detailed  studies 
in  animals,  mathematical  models  are  derived 
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based  on  the  animal  toxicokinetic  data,  animal 
physiological  data,  and  the  physical /chemical 
properties  of  the  compounds  of  interest  (such  as 
partition  coefficients).  The  models,  which  are 
often  referred  to  as  physiologically-based  phar¬ 
macokinetic  models,  can  then  be  modified  for 
humans  based  on  human  physiological  data  and 
metabolic  studies  conducted  with  human  tissues 
in  vitro.  Such  models  must  then  be  validated  with 
limited  studies  in  humans.  This  strategy  has  been 
discussed  by  Henderson  and  Belinsky  [2]. 

A  second  strategy  for  the  use  of  biomarkers  to 
help  describe  prior  exposures  is  to  use  a  battery 
of  biomarkers  with  differing  half-lives  [3].  Some 
biomarkers  of  exposure  have  half-lives  of  min¬ 
utes  or  hours  (volatile  parent  compound  in 
exhaled  breath,  some  blood  or  urinary  metabo¬ 
lites);  other  biomarkers  may  be  present  for  days 
or  weeks  (some  DNA  adducts,  blood  albumin 
adducts);  while  others  may  accumulate  over 
longer  periods  of  time  due  to  longer  half-lives 
(blood  hemoglobin  adducts,  some  DNA  adducts, 
products  of  DNA  repair  in  the  urine).  There  are 
also  differences  in  the  fraction  of  the  internal 
dose  of  a  chemical  that  is  converted  to  each  type 
of  biomarker.  In  general,  some  of  the  markers 
with  shorter  half-lives,  such  as  urinary  metabo¬ 
lites,  represent  large  fractions  of  the  internal 
dose,  while  macromolecular  adducts,  many  of 
which  have  longer  half-lives,  represent  only  a 
small  fraction  of  the  dose.  By  combining  knowl¬ 
edge  of  the  half-lives  of  markers  and  the  amount 
of  marker  formed  relative  to  the  total  dose,  one 
can  obtain  more  information  about  a  prior  expo¬ 
sure  using  a  battery  of  biomarkers  than  a  single 
biomarker.  For  example,  if  multiple  markers  of  a 
single  chemical  are  determined  in  an  individual, 
one  should  be  able  to  distinguish  between  some¬ 
one  who  has  had  a  recent  exposure,  someone 
who  is  receiving  an  ongoing  exposure  and  some¬ 
one  who  was  exposed  repeatedly  in  the  past  but 
has  had  no  recent  exposures.  If  someone  has  had 
only  a  recent  single  exposure  to  a  chemical,  the 
shorter  half-lived,  more  abundant  biomarkers  in 
the  form  of  urinary  metabolites  should  be  readily 
detectable,  but  there  should  be  very  little  of  the 
longer  half-lived,  less  abundant  DNA  adducts 
present.  If  the  person  has  had  an  ongoing  expo¬ 


sure  for  many  years  to  the  same  chemical,  there 
should  be  relatively  high  amounts  of  both  the 
urinary  metabolites  and  the  DNA  adducts.  If  the 
person  was  exposed  some  time  ago,  but  not 
recently,  then  only  the  longer-lived  DNA  ad¬ 
ducts  or  hemoglobin  adducts  may  be  detectable. 

3.  Strategies  for  use  of  biological  markers  of 
exposure  to  predict  disease  outcome 

To  be  able  to  relate  markers  of  exposure  to 
health  outcome,  one  needs  to  know  which 
markers  can  be  associated  with  the  disease  out¬ 
come  and  the  degree  of  that  association.  That  is, 
given  a  certain  level  of  a  biomarker  of  exposure, 
what  is  the  probability  of  getting  a  disease?  This 
query  is  certain  to  be  made  by  participants  in  any 
study  in  which  biomarkers  of  exposure  are  as¬ 
sayed  in  workers  or  in  the  general  public.  Cur¬ 
rently,  we  have  very  little  information  on  which 
to  base  an  answer.  The  inability  to  use  biological 
markers  of  exposure  to  predict  health  outcome 
represents  a  major  gap  in  our  knowledge  and 
decreases  the  potential  usefulness  of  the 
markers.  What  we  need  are  valid  markers  of  risk. 

How  can  we  improve  our  knowledge  is  this 
area?  Perhaps  the  most  fruitful  area  of  research 
for  discovering  biomarkers  of  exposure  that  can 
be  linked  to  disease  outcome  is  the  study  of 
mechanisms  of  disease  induction.  One  cannot 
define  a  marker  of  a  ‘biologically  effective  dose’ 
unless  one  knows  the  mechanism  by  which  the 
biological  effect  is  induced.  Likewise,  one  cannot 
know  the  earliest  biological  events  that  lead  to  a 
disease,  unless  one  understands  the  mechanism 
of  disease  induction.  Such  mechanistic  studies 
should  provide  the  markers  for  steps  that  link  the 
biological  markers  represented  by  traditional 
toxicokinetic  measurements  (left  side  of  Fig.  1) 
and  the  biological  markers  represented  by  tradi¬ 
tional  clinical  markers  of  disease  (right  side  of 
Fig.  1). 

In  addition  to  knowledge  of  the  mechanism  of 
disease  induction,  one  must  define  the  quantita¬ 
tive  relationship  between  the  level  of  the  marker 
and  the  probability  of  progression  to  an  adverse 
health  effect.  Pharmaco-  or  toxicodynamic 
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modeling  describing  the  kinetics  of  disease  de¬ 
velopment  is  required  in  a  manner  similar  to  the 
toxicokinetic  modeling  used  to  describe  the 
kinetics  of  internal  dosimetry.  For  example,  if 
one  wants  to  use  chemical-specific  DNA  adducts 
to  predict  cancer  induction,  the  following  pieces 
of  information  are  required.  First  one  must 
identify  the  various  DNA  adducts  formed  by  the 
chemical.  Then  one  must  determine  the  bio¬ 
logical  half-lives  of  each  adduct  (How  long  will 
they  be  present  before  they  are  repaired?)  and 
the  mutagenic  potential  of  each  adduct  (How 
much  harm  will  the  adducts  cause  if  they  are 
present?).  If  adducts  are  formed  that  have  rela¬ 
tively  long  half-lives  and  high  mutagenic  po¬ 
tential,  one  can  determine  if  the  mutations  in¬ 
duced  by  the  adduct  in  in  vitro  studies  are 
present  in  tumors  induced  by  the  chemical.  Once 
enough  is  known  about  the  disease  induction  to 
form  an  hypothesis  for  the  process,  one  can  use 
intervention  studies,  in  which  the  proposed  path 
to  disease  is  blocked,  to  validate  the  path  as  the 
active  disease-generating  process.  Finally,  toxico- 
dynamic  models  can  be  generated  that  describe 
the  quantitative  relationship  between  adduct 
levels  and  cancer  induction.  Such  models  will 
require  knowledge  of  cellular  dynamics  involved 
in  tumor  formation. 

The  initial  part  of  this  approach  can  be  illus¬ 
trated  by  the  studies  of  the  mechanism  of  induc¬ 
tion  of  liver  tumors  by  vinyl  chloride  (VC)  [4]. 
The  four  major  DNA  adducts  formed  by  VC  are 
the  7-(2-oxoethyl)-deoxyguanosine  (OEdG), 
3,N4-ethenodeoxycytidine  (EdC),  l,N6-etheno- 
deoxyadenosine  (EdA),  and  N2,3-ethenodeoxy- 
guanosine  (EdG)  [5].  The  most  abundant  adduct 
formed  is  the  OEdG,  but  this  adduct  has  the 
shortest  half-life  of  all  the  adducts.  Also,  the 
mutagenic  potential  of  the  OEdG  adduct,  as 
estimated  by  fidelity  of  DNA  replication  assays, 
is  low  [6],  while  the  other  adducts  do  induce 
mutations,  especially  the  EdG  adduct  [7].  The 
relative  amounts  of  the  different  adducts  in  the 
livers  of  VC-exposed  adult  rats  were  compared 
to  the  amounts  in  livers  of  similarly  exposed 
newborn  rats,  which  are  more  sensitive  than 
adult  rats  to  VC-induced  hepatic  tumors.  The 
molar  concentration  of  EdG  was  almost  fourfold 


higher  in  the  newborn  livers  than  in  the  adult 
livers,  while  the  other  etheno  adducts  were 
similar  in  both  age  groups  [8].  This  information 
indicated  that  the  EdG  adduct  was  a  better 
measure  of  the  biologically  effective  dose  (and  of 
risk)  than  were  the  other  adducts. 

As  in  the  case  of  relating  biological  markers  to 
prior  exposure,  the  relationship  of  the  levels  of 
markers  to  expected  health  outcomes  can  be 
studied  first  in  animal  models,  as  discussed  above 
for  studies  on  VC-induced  tumors.  But  the 
models  developed  in  animals  must  be  validated 
by  studies  in  humans  (in  vitro  studies  using 
human  tissues,  epidemiological  studies).  Studies 
reported  by  Qian  et  al.  [9]  are  examples  of  how 
epidemiological  studies  can  determine  the  most 
valid  biological  markers  of  risk  for  a  disease.  In  a 
study  of  Chinese  men  exposed  to  aflatoxin  in 
their  diet,  the  investigators  found  that  levels  of 
urinary  afiatoxin-N7-guanine  were  a  good  predic¬ 
tor  of  the  risk  for  hepatic  cancer  rather  than 
other  markers  studied,  including  total  aflatoxin- 
metabolites  in  urine  and  dietary  intake  of  afla¬ 
toxin  as  assessed  by  questionnaires.  Intervention 
studies,  either  in  animals  or  in  epidemiology 
studies,  are  also  valuable  in  determining  if  the 
selected  biological  markers  of  risk  are  valid. 

In  conclusion,  biomarkers  can  be  valuable  for 
reducing  uncertainties  in  assessing  risk  for  dis¬ 
ease  from  chemical  exposures.  However,  to  make 
the  markers  more  useful,  more  information  is 
needed  on  the  mechanisms  of  disease  induction 
by  chemicals;  such  studies  will  suggest  the  most 
appropriate  biomarkers  of  risk  for  the  disease. 
Much  research  effort  will  be  required  to  establish 
quantitative  relationships  between  the  level  of 
markers  present  and  both  the  degree  of  prior 
exposure  and  the  predictability  of  health  out¬ 
come. 
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Abstract 

There  is  growing  interest  and  concern  in  society  about  the  capacity  of  chemicals  to  impair  immune  responses  and 
trigger  autoimmune  disease.  Methods  to  investigate  chemical-induced  immunosuppression  have  been  developed 
and  validated  in  the  mouse  and  rat.  Animal  models  that  are  suitable  to  investigate  the  ability  of  chemicals  to  induce 
autoimmune  disease  are  virtually  lacking.  From  the  plethora  of  tests  to  assess  immunity  in  man,  panels  of 
biomarkers  to  study  immunotoxicity  in  humans  have  been  proposed.  Such  studies  in  humans  are  considerably  more 
complex  than  in  animals  as  non-invasive  tests  are  limited,  responses  in  the  population  are  heterogeneous,  and 
exposure  levels  are  often  low.  Human  risk  assessment  is  therefore  mostly  based  on  animal  studies.  As  examples  of 
compounds  affecting  biomarkers  in  animals  and  man,  2, 3,7, 8-tetrachlorodibenzo-p -dioxin  (TCDD)  and  hexachloro- 
benzene  are  discussed. 

Keywords:  Immunotoxicology;  Immunotoxicity  testing;  Immune  suppression;  Autoimmunity;  Man;  Rodents 


1.  Introduction 

The  functions  of  the  immune  system  are  the 
protection  of  the  body  from  invading  pathogens 
and  to  provide  immune  surveillance  against  aris¬ 
ing  tumor  cells.  It  has  a  first  line  non-specific 
branch  that  can  initiate  effector  reactions  itself, 
and  an  acquired  specific  branch  in  which  lympho¬ 
cytes  and  antibodies  carry  the  specificity  of 
recognition  and  subsequent  reactivity  towards 
the  antigen.  The  first  line  of  innate  immunity  is 
constituted  by  phagocytic  cells  such  as  macro¬ 
phages  and  polymorphonuclear  granulocytes,  or 
cytotoxic  cells  such  as  natural  killer  cells.  After 
initial  contact  of  the  host  with  the  pathogen, 
specific  immune  responses  are  induced.  The 
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hallmark  of  this  second  line  of  defense  is  specific 
recognition  of  determinants,  so-called  antigens  or 
more  in  particular  epitopes  on  these  antigens,  by 
receptors  on  the  cell  surface  of  B  and  T  lympho¬ 
cytes.  Following  recognition  of  these  antigens 
lymphocytes  proliferate  and  mature  to  plasma 
cells  and  produce  antibodies  (B  cells),  or  dif¬ 
ferentiate  to  become  cytotoxic  T  lymphocytes. 

Immunotoxicology  has  been  defined  as  the 
discipline  concerned  with  the  study  of  the  events 
that  can  lead  to  undesired  effects  as  a  result  of 
interaction  of  xenobiotics  with  the  immune  sys¬ 
tem.  These  undesired  events  may  result  as  a 
consequence  of:  (1)  a  direct  and/or  indirect 
effect  of  the  xenobiotic  (and/or  its  biotransfor¬ 
mation  product)  on  the  immune  system,  or  (2) 
an  immunologically  based  host  response  to  the 
compound  and/or  its  metabolite(s),  or  host  an- 
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tigens  modified  by  the  compound  or  its  metabo¬ 
lites.  When  the  immune  system  acts  as  a  target  of 
chemical  insults,  the  result  can  be  a  decreased 
resistance  to  infection,  certain  forms  of  neo¬ 
plasia,  or  immune  deregulation/ stimulation  that 
can  exacerbate  or  facilitate  development  of  al¬ 
lergy  or  autoimmunity.  Should  the  immune  sys¬ 
tem  respond  to  the  antigenic  specificity  of  the 
xenobiotic,  toxicity  can  become  manifest  as  aller¬ 
gies  or  autoimmune  diseases. 

Animal  models  to  investigate  chemical-in¬ 
duced  immune  suppression  have  been  developed, 
and  a  number  of  these  methods  are  validated. 
Several  xenobiotics  have  been  identified  in  such 
studies  with  laboratory  animals  to  cause  im¬ 
munosuppression.  The  database  on  immune 
function  disturbances  in  humans  by  environmen¬ 
tal  chemicals  is  limited.  Immunotoxicity  assess¬ 
ment  in  rodents,  with  subsequent  extrapolation 
to  man,  forms  the  basis  of  human  risk  assess¬ 
ment.  Methods  to  assess  chemical-induced  hyper¬ 
sensitivity  in  laboratory  animals  and  in  humans 
are  available.  The  issue  of  chemical-induced 
allergy  will  not  be  discussed  in  this  paper.  Ani¬ 
mal  models  that  are  suitable  to  investigate  the 
ability  of  chemicals  to  induce  autoimmune  dis¬ 
eases  are  virtually  lacking.  Human  data  show 
that  chemical  agents,  in  particular  drugs,  can 
cause  autoimmune  diseases. 

2.  Immunotoxicity  testing  in  laboratory  animals 

2.1.  Immune  suppression  I  stimulation 
To  predict  induction  of  immune  suppression 
by  chemical  exposure  seems  relatively  easy  as 
compared  to  induction  of  allergy  and  autoim¬ 
munity.  Much  work  has  been  done  on  inclusion 
of  general  immune  parameters  in  toxicity  screen¬ 
ing  of  chemicals.  Two  examples  of  tiered  ap¬ 
proaches  are  described.  The  first  was  developed 
at  the  National  Institute  of  Public  Health  and  the 
Environment,  The  Netherlands  (RIVM)  [1,2].  It 
is  based  on  OECD  guideline  407,  and  performed 
in  the  rat  using  at  least  3  dose  levels,  i.e.  one 
resulting  in  overt  toxicity,  one  aimed  at  produc¬ 
ing  no  toxicity,  and  one  intermediate  level.  There 
is  no  immunization  or  challenge  with  an  infecti¬ 
ous  agent.  The  first  tier  comprises  general  pa¬ 


rameters  including  conventional  hematology, 
serum  immunoglobulin  concentrations,  bone 
marrow  cellularity,  weight  and  histology  of 
lymphoid  organs  (thymus,  spleen,  lymph  nodes, 
MALT),  flow  cytometric  analysis  of  spleen  cells, 
and  possibly  immunophenotyping  of  tissue  sec¬ 
tions.  This  approach  has  been  used  for  the 
immunotoxic  evaluation  of  pesticides  [3]. 

In  the  OECD  guideline  407  (adopted  in  1981), 
the  only  parameters  for  the  immune  system  were 
hematology  including  differential  cell  counting, 
in  addition  to  histopathology  of  the  spleen.  In  an 
evaluation  that  we  made  it  appeared  that  this 
protocol  was  insufficient  for  identifying  direct 
toxicity  for  the  immune  system  [4].  Also,  results 
of  an  international  collaborative  immunotoxicity 
study  carried  out  by  IPCS  with  the  support  of 
CEC  showed  that  basic  pathology  investigations 
in  the  rat  specified  in  OECD  guideline  407  did 
not  reveal  the  immune  effects  of  azathioprine 
and  cyclosporin  A.  The  immunotoxic  actions  of 
these  drugs  could  be  detected  provided  the  test 
was  extended  to  include  additional  pathology 
parameters.  An  update  of  the  OECD  guideline 
has  been  proposed  (revision  of  January  1994), 
and  now  includes:  weight  of  spleen  and  thymus, 
and  histopathology  of  these  organs,  in  addition 
to  lymph  nodes,  Peyer’s  patches,  and  bone  mar¬ 
row  [5].  This  update  has  been  approved,  and 
appears  to  be  certainly  an  improvement  over  the 
earlier  guideline,  although  even  with  this  up¬ 
dated  version,  some  immunotoxic  chemicals  may 
not  be  identified  as  such  [6]. 

It  should  be  noted  that  the  array  of  tests 
proposed  to  be  included  in  general  testing  of 
chemicals  is  aimed  at  flagging  potential  immuno¬ 
toxicity.  Once  immunotoxicity  has  been  flagged, 
further  testing  is  required  to  confirm  and  extend 
the  earlier  findings.  Further  testing  should  in¬ 
clude  immune  function  testing.  Besides  confirm¬ 
ing  functional  implications  of  the  immunotoxicity 
identified,  functional  testing  will  likely  provide 
information  on  no-adverse-effect  levels,  and  are 
therefore  valuable  for  the  process  of  risk  assess¬ 
ment.  Functional  tests  that  are  especially  valu¬ 
able  in  this  respect  are  host  resistance  assays.  In 
such  assays,  animals  that  are  exposed  to  the  test 
chemicals  are  also  exposed  to  pathogens.  The 
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fate  of  the  pathogen,  and  the  pathology  in  the 
host  associated  with  it,  may  serve  as  an  indicator 
of  the  health  implication  of  the  immunotoxicity 
found  for  the  test  chemical.  Pathogens  used  in 
these  host  resistance  models  are  chosen  in  such  a 
way  that  they  are  good  models  for  human  disease 
[7].  An  interesting  finding  is  that  for  certain 
compounds  induction  of  immunotoxicity  espe¬ 
cially  occurs  during  prenatal  exposure. 

The  US  National  Toxicology  Program  has 
developed  a  tiered  approach  in  mice  that  is 
linked  closely  with  the  standard  protocol  for 
subchronic  oral  toxicity  and  carcinogenicity 
studies  [8].  Routinely  exposure  periods  of  14-30 
days  have  been  used  at  dose  levels  that  have  no 
effect  on  body  weight  or  other  toxicological 
endpoints.  Thus,  compounds  are  identified  for 
which  the  immune  system  represents  the  most 
sensitive  target  organ  system.  Tier  one  includes 
conventional  hematology,  lymphoid  organ 
weight,  cellularity  and  histology  of  the  spleen, 
thymus  and  lymph  nodes,  ex  vivo  splenic  IgM- 
antibody  plaque-forming  cell  assay  following 
sheep  erythrocyte  immunization,  in  vitro 
lymphocyte  proliferation  after  stimulation  with 
mitogens  and  allogeneic  cells,  and  an  in  vitro 
assay  for  natural  killer  (NK)  cell  activity.  In  an 
adapted  form  of  this  approach,  51  different 
chemicals  were  evaluated,  selected  on  the  basis 
of  structural  relationships  with  previously  iden¬ 
tified  immunotoxic  chemicals  [9],  The  splenic 
IgM  plaque-forming  cell  response  and  cell  sur¬ 
face  marker  analyses  showed  the  highest  accura¬ 
cy  for  identification  of  potential  immunotoxicity. 
Lymphoid  organ  weight  and  histopathology 
proved  to  be  comparatively  insensitive  parame¬ 
ters,  likely  due  to  the  relatively  low  exposure 
levels  in  the  top  dose  used. 

2.2.  Autoimmunity 

Autoimmune  disease  occurs  when  an  individ¬ 
ual’s  immune  system  attacks  own  tissues  or 
organs,  resulting  in  functional  impairment,  in¬ 
flammation  and  sometimes  permanent  damage. 
This  disease  with  a  multifactorial  etiology  results 
from  the  loss  of  immune  tolerance  to  self-an¬ 
tigens.  For  the  detection  of  the  potential  of 
compounds  to  exacerbate  induced  or  genetically 


predisposed  autoimmunity,  animal  models  are 
available  [10].  In  induced  models,  a  susceptible 
animal  strain  is  immunized  with  a  mixture  of  an 
adjuvant  and  an  autoantigen  isolated  from  the 
target  organ.  Examples  are  adjuvant  arthritis, 
experimental  encephalomyelitis  and  experimen¬ 
tal  uveitis  in  the  Lewis  strain  rat.  Examples  of 
spontaneous  models  of  autoimmune  disease  are 
the  BB-rat  and  the  NOD-mouse  that  develop 
autoimmune  pancreatitis  and  subsequently  dia¬ 
betes,  and  the  (NZBxNZW)Fl  mouse  or  MRL / 
Ipr  mouse  that  develop  pathology  that  resembles 
human  systemic  lupus  erythematosus.  These 
models  are  mainly  used  in  the  study  of  the 
pathogenesis  of  autoimmunity  and  the  preclinical 
evaluation  of  immunosuppressive  drugs.  Very  few 
studies  have  addressed  the  potential  of  these 
models  for  assessment  of  whether  a  xenobiotic 
exacerbates  induced  or  congenital  autoimmunity. 

Induced  autoimmunity  can  also  result  from  the 
association  of  the  compound  with  normal  tisssue 
components  such  as  to  render  them  immuno¬ 
genic.  A  variety  of  chemicals  and  drugs,  in 
particular  the  latter,  have  been  found  to  induce 
autoimmune-like  responses  [11].  For  the  detec¬ 
tion  of  chemicals  that  produce  this  type  of 
reaction,  the  popliteal  lymph  node  assay  (PLNA) 
in  mice  is  a  promising  tool.  The  PLNA  in  mice 
[12]  is  based  upon  the  hyperplasia  (increase  in 
weight)  of  lymph  nodes  in  graft-versus-host  reac¬ 
tions  or  pseudo-graft-versus-host  reactions,  and 
has  been  modified  to  assess  the  immuno¬ 
modulatory  potential  of  drugs.  The  test  sub¬ 
stance  is  injected  s.c.  into  one  hind  footpad,  and 
the  contralateral  side  is  either  untreated  or 
inoculated  with  vehicle  alone.  Comparison  of 
PLN  from  both  sides  allows  the  effect  of  the  test 
drug  to  be  measured.  Apart  from  differences  in 
weight,  histologic  evidence  of  in  vivo  immuno- 
stimulatory  activity  can  be  discerned.  These 
pseudo-graft-versus-host  reactions  with  follicular 
hyperplasia  have  been  documented  in  mice  for 
drugs  such  as  diphenylhydantoin,  D-penicillamine 
and  streptozotocin.  The  assay  appears  to  be 
appropriate  to  recognize  sensitizing,  i.e.  allergens 
and  autoimmunogenic  chemicals,  as  well  as  non¬ 
sensitizing  immunostimulating  compounds.  The 
assay  is  not  universally  applicable,  however,  due 
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primarily  to  false-negative  results.  Some  drugs, 
such  as  procainamide,  are  known  to  cause  au¬ 
toimmune-like  responses  in  man,  but  are  nega¬ 
tive  in  the  assay.  This  is  presumably  attributable 
to  pharmacokinetic  factors  and  may  be  minim¬ 
ized  by  testing  metabolites.  So  far,  over  60 
compounds  with  documented  adverse  immune 
effects  in  humans  were  positive  in  the  PLNA,  i.e. 
caused  an  increase  of  PLN  weight  and  cell 
numbers  as  compared  to  PLN  of  vehicle-injected 
controls  [13,14].  Further  research  is  required  for 
the  development  of  animal  models  suitable  for 
testing  the  induction  of  autoimmune  disease  by 
chemicals. 

3.  Immunotoxicity  assessment  in  man 

It  is  obvious  that  many  of  the  immunotoxic 
chemicals  have  been  identified  in  rodent  studies, 
as  the  database  in  man  is  less  complete  and  often 
inconclusive.  The  most  common  design  used  in 
immunotoxicity  research  in  man  is  the  cross- 
sectional  study  [15].  In  such  a  study,  exposure 
status  and  immune  function  are  measured  at  one 
point  in  time  or  over  a  short  period  of  time.  The 
immune  function  of  ‘exposed’  subjects  is  com¬ 
pared  to  the  immune  function  of  ‘non-exposed’ 
subjects  by  the  measurement  of  biomarkers.  For 
this  reason,  proper  identification  of  the  exposed 
group  should  be  done.  This  group  should  include 
subjects  at  the  upper  end  of  exposure.  Where 
possible,  the  study  should  incorporate  individual 
estimates  or  actual  measurements  of  exposure.  In 
the  broadest  sense  biomarkers  are  measurements 
on  biologic  specimens  that  will  elucidate  the 
relationship  between  environmental  exposures 
and  human  diseases,  so  that  exposures  and  dis¬ 
eases  can  be  prevented.  In  clinical  medicine 
biomarkers  have  shown  their  value  as  a  tool  for 
the  presence  or  absence  of  diseases  or  the  course 
of  the  disease  during  therapeutic  intervention. 
As  such  there  are  indicators  for  exposure,  effect 
or  susceptibility  [16]. 

3.1.  Markers  of  exposure 
A  biologic  marker  of  exposure  is  a  xenobiotic 
chemical  or  its  metabolite  or  the  product  of  an 
interaction  between  the  chemical  and  some 


target  cell  or  biomolecule.  The  most  common 
markers  of  exposure  are  the  concentration  of  the 
chemical  in  urine,  blood  or  target  organ  or  tissue. 
Immune-specific  biomarkers  of  exposure  are 
antibodies  or  positive  skin  tests  to  a  particular 
chemical. 

3.2.  Markers  of  effect 

A  biomarker  of  effect  is  a  measurable  cellular 
or  biochemical  alteration  within  an  organism 
that,  depending  on  magnitude,  can  be  recognized 
as  an  established  or  potential  health  impairment 
or  disease.  They  range  from  markers  measuring 
slight  structural  or  functional  changes  to  markers 
that  are  indicators  of  a  subclinical  stage  of  a 
disease  or  the  manifestation  of  the  disease  itself. 
Functional  changes  in  cells  of  the  immune  system 
by  an  immunotoxic  chemical  may  be  the  first  step 
in  the  process  towards  disease.  For  instance, 
longitudinal  studies  using  asymptomatic  individ¬ 
uals  with  low  NK  activity  were  found  to  have 
increased  risk  for  upper  respiratory  infection  and 
morbidity  [17].  Immunosuppression  may  lead  to 
more  subtle  changes  in  resistance  to  infections, 
such  as  influenza  or  common  cold,  rather  than 
opportunistic  infection.  Also  data  in  experimen¬ 
tal  animals  indicate  that  small  changes  in  im¬ 
mune  function  could  increase  the  likelihood  of 
disease  [9]. 

Testing  schemes  for  evaluation  of  individuals 
exposed  to  immunotoxicants  are  proposed 
among  others  by  the  Subcommittee  on  Immuno- 
toxicology  of  the  US  National  Research  Council 
[16]  and  by  a  task  group  of  the  World  Health 
Organization  [10].  The  panel  proposed  by  the 
WHO  is  listed  in  Table  1,  and  is  composed  of 
assays  that  cover  all  major  aspects  of  the  immune 
system.  Included  are  assays  to  test  for  the  func¬ 
tion  of  the  humoral  immunity,  i.e.  specific  anti¬ 
bodies  to  tetanus  or  diphtheria  (for  which  vacci¬ 
nation  programs  exist),  and  for  the  actual  func¬ 
tion  of  the  cellular  immunity  using  recall  an¬ 
tigens.  It  should  be  mentioned  that  these  tests 
were  all  developed  for  diagnostic  purposes,  but 
that  in  the  context  of  immunotoxicity  testing  in 
man  they  are  to  be  used  in  an  epidemiological 
setting.  This  means  that  effects  found  in  parame¬ 
ters  between  exposed  group  and  control  group 
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Table  1 

Assays  recommended  for  immunotoxicity  assessment  in  man 

( 1 )  Complete  blood  count  with  differential 

(2)  Antibody-mediated  immunity  (one  or  more  of  following): 

•  Primary  antibody  response  to  protein  antigen  (e.g.,  epitope-labelled  influenza  vaccine) 

•  Immunoglobulin  concentrations  in  serum  (IgM,  IgG,  IgA,  IgE) 

•  Secondary  antibody  response  to  protein  antigen  (diphtheria,  tetanus  or  polio) 

•  Natural  immunity  to  blood  group  antigens  (e.g.,  anti- A,  anti-B) 

(3)  Phenotypic  analysis  of  lymphocytes  by  flow  cytometry: 

•  Surface  analysis  of  CD3,  CD4,  CDS,  CD20 

(4)  Cellular  immunity: 

•  DTH  skin  testing 

•  Primary  DTH  reaction  to  protein  (KLH) 

•  Proliferation  to  recall  antigens 

(5)  Autoantibodies  and  inflammation: 

•  C-reactive  protein 

•  Autoantibody  titers  to  nuclei  (ANA),  DNA,  mitochondria  and  IgG  (rheumatoid  factor) 

•  IgE  to  allergens 

(6)  Measure  of  non-specific  immunity: 

•  NK  cell  enumerations  (CD56  or  CD60)  or  cytolysis  activity  against  K562 

•  Phagocytosis  (NBT  or  chemiluminesce) 

(7)  Clinical  chemistry  screen 

Proposal  for  all  persons  exposed  to  immunotoxicants 

From  [10]. 


may  have  a  different  biologic  significance  than  an 
altered  value  in  an  individual  person.  Whereas  a 
decrease  in  a  single  immune  parameter  in  an 
individual  person  may  not  be  indicative  of  in¬ 
creased  susceptibility  for  disease,  a  subtle  altera¬ 
tion  in  an  immune  biomarker  in  a  population 
may  indicate  immunotoxicity. 

3.3.  Markers  of  susceptibility 

Markers  of  susceptibility,  also  called  effect 
modifiers,  can  act  at  any  point  along  the  ex¬ 
posure-disease  continuum.  Important  sources  of 
variability  are  genetic,  endocrine,  age-related 
and  environmental  factors.  Over  the  last  2  de¬ 
cades  it  has  become  clear  that  many  immunologi¬ 
cal  disorders  are  linked  to  alleles  of  the  major 
histocompatibility  gene  complex  (MHC).  The 
products  of  MHC  alleles  in  humans  (HLA  an¬ 
tigens)  have  aroused  interest  at  a  clinical  level  as 
potential  biomarkers  of  disease  susceptibility.  In 
some  instances,  there  is  a  remarkable  increase  in 
relative  risk  of  disease  in  individuals  possessing 
particular  alleles.  Similar  associations  have  been 
described  in  drug-induced  immunological  disor¬ 
ders.  However,  it  should  be  noted  that  other 
genetic  factors  as  well  as  environmental  factors 


are  also  of  importance.  For  susceptibility  to 
immunotoxicity,  there  are  not  many  biomarkers, 
other  than  in  the  case  of  the  arylhydrocarbon 
(Ah)  receptor,  and  sensitivity  to  2,3,7,8-tetra- 
chlorodibenzo-p -dioxin  (TCDD).  Also  stress  of 
various  types  can  effect  the  immune  system  and 
influence  the  susceptibility  to  and  recovery  from 
infectious,  autoimmune  and  neoplastic  diseases. 
Age-related  variability  is  shown  by  the  develop¬ 
ing  fetus  which  is  more  susceptible  to  immuno- 
toxic  effects  than  is  the  adult. 

4.  Bridging  the  gap  between  animal  and 
humans 

In  experimental  animals  assessment  of  im¬ 
munotoxicity  is  relatively  easy,  but  it  is  difficult 
to  extrapolate  immunotoxic  data  from  animals  to 
humans.  In  humans,  the  tests  that  can  be  done 
are  limited,  the  heterogeneity  hampers  identifica¬ 
tion  of  effects,  and  for  obvious  reasons,  resist¬ 
ance  to  infections  or  tumors  cannot  be  ap¬ 
proached  experimentally.  In  this  sense,  it  should 
be  noted  that  experimental  studies  in  animals 
and  studies  in  man  are  complimentary.  Com¬ 
parison  of  similar  parameters  in  animal  and 
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humans,  including  dose,  toxicokinetics,  (func¬ 
tional)  effects  on  immune  parameters,  will  pro¬ 
vide  insight  in  similarities  and  differences  in 
sensitivity  and  mechanisms  in  animals  and 
humans,  and  may  help  to  extrapolate  data  from 
animals  to  humans  that  are  not  easily  obtained  in 
humans  (e.g.  resistance  to  infections). 

Another  promising  tool  for  better  extrapola¬ 
tion  of  animal  data  may  be  in  vitro  testing  [9]. 
Sources  for  human  material  that  are  immunologi- 
cally  relevant,  and  that  are  accessible  to  study  (in 
various  degrees)  are:  blood;  umbilical  vein 
blood /endothelial  cells;  bone  marrow;  bron- 
choalveolar  lavage;  nasal  lavage;  skin  biopsies; 
donor  organs;  cell  lines.  Most  of  such  cell  popula¬ 
tions  can  also  be  derived  from  animals.  Cell  lines 
that  are  available  include:  macrophages;  T  cells 
(Thl  and  Th2);  B  cells;  granulocytes;  keratino- 
cytes:  and  thymus  epithelial  cells.  For  the  cells 
from  these  sources  many  tests  are  available. 
These  produce,  among  others,  parameters  such 
as  viability,  phagocytosis,  respiratory  burst,  cal¬ 
cium  influx,  cytotoxicity,  antigen  presentation, 
antibody  production,  cytokine  production,  prolif¬ 
eration,  apoptosis,  and  expression  of  cell  surface 
markers. 

It  must  be  noted  that  in  in  vitro  systems  the 
complexity  of  the  immune  system  as  it  exists  in 
vivo  is  not  present.  This  pertains  to  interactions 
between  different  cell  types.  For  these  reasons  it 
is  doubtful  that  in  vitro  testing  will  be  very 
powerful  in  screening  immunotoxicity  of  novel 
compounds  in  general.  For  prescreening  for 
immunotoxicity  of  compounds  in  vitro  testing 
may  prove  an  adequate  option.  The  strength  of 
in  vitro  immunotoxicity  testing  lies,  however,  in 
studies  aimed  at  unravelling  mechanisms  of  im¬ 
munotoxicity.  Another  approach  is  the  use  of 
severe  combined  immunodeficient  (SCID)  mice 
engrafted  with  human  immune  cells.  This  pro¬ 
vides  a  special  model  to  investigate  immunotoxic 
chemicals. 

The  interpretation  of  animal  or  in  vitro  studies 
may  be  improved  in  cases  where  even  limited 
human  data  are  available  using  a  ‘parallelogram’ 
approach.  In  general,  if  a  parallelogram  can  be 
constructed  in  which  data  are  available  for  3  of 
the  4  cornerstones,  it  may  be  easier  to  predict  the 


outcome  at  the  remaining  cornerstone.  This 
approach  may  also  be  applicable  in  extrapolating 
deficits  in  immune  function  to  increased  suscep¬ 
tibility  to  infections  in  animal  models  as  a  means 
of  interpreting  the  risk  of  disease  in  humans  for 
which  immune  function  data,  but  not  infectious 
disease  data,  are  available. 

5.  Examples  of  imniunotoxicants 

Examples  of  environmental  immunotoxicants 
that  induce  immunosuppression  are  among 
others:  polychlorinated  biphenyls  (PCBs),  diben- 
zofurans  (PCDFs),  dibenzo-p-dioxins  (PCDDs), 
oxidant  gases,  benzene,  toluene,  xylol,  asbestos, 
dimethylnitrosamine,  certain  organotin  com¬ 
pounds,  lead,  cadmium,  mercury,  ben¬ 
zopyrene.  Many  therapeutics  exert  immuno¬ 
toxic  activities,  including  alkylating  agents,  anti¬ 
inflammatory  agents,  anti-metabolites,  estrogens, 
and  opiates.  Although  uncommon,  certain  drugs 
and  chemicals  can  occasionally  trigger  an  au¬ 
toimmune  reaction.  For  example,  occupational 
exposure  to  vinyl  chloride,  trichloroethylene, 
perchlorethylene,  and  epoxy  resins  may  induce  a 
scleroderma-like  syndrome;  procainamide,  hy¬ 
dralazine  and  isoniazid  can  provoke  drug-in¬ 
duced  lupus  in  predisposed  individuals;  propyl¬ 
thiouracil  occasionally  causes  systemic  vasculitis 
associated  with  induction  of  anti-neutrophil  cyto¬ 
plasmic  autoantibodies. 

Some  examples  of  chemicals  that  have  a  direct 
toxic  action  on  the  immune  system  will  be  dealt 
with  below  in  more  detail,  in  respect  of  the 
relevance  of  the  findings  for  man. 

51.  PCBs ,  PCDFs  and  PCDDs 

Numerous  immunotoxicity  studies,  including 
the  study  of  the  mechanism  of  action,  have  been 
carried  out  with  these  chlorinated  hydrocarbons. 
Studies  with  PCBs  mostly  comprise  investiga¬ 
tions  with  technical  mixtures  containing  large 
numbers  of  congeners,  including  Ah  receptor 
binding  compounds.  Most  of  the  toxic  responses 
of  PCDDs,  PCDFs  and  planar  PCBs  are  thought 
to  be  mediated  through  the  binding  to  this 
receptor,  including  the  immunotoxic  effects.  Of 
the  different  PCDD  and  PCDF  congeners,  in 
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particular  TCDD  has  been  studied.  These  studies 
have  shown  that  TCDD  causes  a  wide  variety  of 
toxic  effects,  with  a  remarkable  interspecies 
variation  both  in  target  organs  and  toxicity  (e.g. 
LD50  values).  Despite  this  variation,  TCDD  at 
subiethal  doses  causes  thymic  atrophy  and  im- 
munotoxicity  in  all  species  investigated  [18,19]. 
The  atrophy  of  the  thymus  is  histologically  char¬ 
acterized  by  reduced  cellularity  of  the  thymic 
cortex.  Results  of  immune  function  studies  in 
mice,  rats  and  guinea  pigs  indicate  that  TCDD 
suppresses  cell-mediated  immunity  in  a  dose- 
related  fashion.  Parameters  investigated  include 
delayed-type  hypersensitivity  responses,  rejection 
of  skin  transplants,  graft-versus-host  activity,  and 
in  vitro  mitogen  responses  of  lymphoid  cells. 
This  suppression  appears  to  be  an  age-related 
phenomenon,  as  TCDD  causes  more  severe 
immunotoxic  effects  after  perinatal  administra¬ 
tion  than  after  administration  in  adulthood.  This 
may  be  associated  with  the  fact  that  the  thymus 
is  active  especially  early  in  life.  In  the  rat, 
perinatal  exposure  seems  a  prerequisite  to 
produce  immune  suppression.  Besides  suppres¬ 
sion  of  the  cell-mediated  immunity,  TCDD  can 
also  impair  humoral  immunity.  The  effect  on 
antibody  synthesis  after  primary  and  secondary 
immunization  are  variable  and  require  higher 
dose  levels. 

As  a  result  of  TCDD-induced  immunosuppres¬ 
sion,  particularly  of  T  cell-mediated  responses, 
host  resistance  to  various  infectious  agents  is 
impaired  [20].  Using  different  mouse  strains  and 
different  treatment  schedules  TCDD  has  been 
shown  to  suppress  the  resistance  to  the  infectious 
disease  models  Salmonella  bern ,  Salmonella 
typhimurium ,  Streptococcus  pneumoniae ,  Herpes 
II,  influenza  and  Plasmodium  yoelli  (malaria). 
Variable  effects  have  been  reported  for  the 
resistance  to  Listeria  monocytogenes. 

Immune  suppression  was  not  only  seen  in 
laboratory  animals,  but  also  in  humans  inadver¬ 
tently  exposed  to  PCBs,  PCDFs  and  PCDDs 
[20],  Unequivocal  immune  alterations  have  been 
observed  in  Taiwanese  residents  following  con¬ 
sumption  of  rice  oil  contaminated  with  PCBs  and 
PCDFs.  Exposure  to  these  compounds  caused 
acneiform  skin  lesions,  pigmentation  of  skin  and 


nails,  liver  damage  and  abnormal  immune  func¬ 
tion.  Serum  IgM  and  IgA  concentrations  and  the 
percentage  of  T  lymphocytes  in  the  peripheral 
blood  were  decreased  [21].  The  cell-mediated 
immune  system  was  investigated  by  delayed-type 
hypersensitivity  responses.  The  percentage  of 
patients  showing  a  positive  skin  test  to  streptoki¬ 
nase  and  streptodornase  was  significantly  lower 
as  compared  to  controls  [22].  This  suppression  of 
cell-mediated  immunity  was  reproduced  in  a 
follow-up  study  by  tuberculin  skin  testing  [23].  A 
disease  similar  to  the  Yu-Cheng  poisoning  in 
Taiwan  occurred  in  Japan  in  1968,  the  so-called 
Yusho  disease.  Yusho  patients  frequently  suf¬ 
fered  from  respiratory  infections.  Serum  IgA  and 
IgM  levels  had  considerably  decreased  during  2 
years  after  the  onset  of  the  poisoning  but  re¬ 
turned  to  normal  in  most  cases.  Respiratory 
symptoms  persisted  for  longer  time  periods  [24]. 
From  these  investigations  in  humans  it  can  be 
concluded  that  PCBs  and  related  compounds 
cause  immune  alterations,  particularly  of  the 
thymus-dependent  immunity.  The  findings  in 
man  correlate  with  the  findings  in  experimental 
animals,  thus  illustrating  the  relevance  of  studies 
in  laboratory  animals.  However,  as  exposure  data 
are  virtually  lacking  for  those  individuals  in 
which  immune  parameters  were  investigated,  and 
because  of  the  remarkable  interspecies  variation 
in  toxicity,  assessment  of  the  risk  of  effects  of 
PCDDs  and  related  chemicals  on  the  immune 
system  of  humans  is  not  possible  in  quantitative 
terms.  The  transfer  of  human  thymus  to  SCID 
mice  provides  an  opportunity  to  study  the  sen¬ 
sitivity  of  the  human  thymus  to  these  com¬ 
pounds,  in  particular  TCDD. 

SCID  mice  have  an  autosomal  recessive  defect 
that  impairs  the  rearrangement  of  antigen  re¬ 
ceptor  genes  in  both  T  and  B  lymphocyte 
progenitors  [25],  and  as  a  result  they  lack  func¬ 
tional  T  and  B  cells.  SCID  mice  engrafted  with 
human  fetal  thymus  and  liver  tissue  (SCID-hu 
mice)  have  been  shown  to  sustain  human  T  cell 
differentiation  in  the  human  thymus  grafts.  The 
model  provides  the  opportunity  to  examine  the 
sensitivity  of  the  human  thymus  to  thymotoxic 
chemicals  like  TCDD  [26].  Wistar  rats  and  SCID- 
hu  mice  were  exposed  once  to  0,  1,  5  or  25  pg 
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TCDD/kg  body  weight.  The  relative  size  ol'  the 
cortex,  evaluated  on  day  4  after  treatment,  was 
decreased  at  25  yug/kg  both  in  rat  thymus  and 
the  grafted  human  thymus.  SCID-ra  mice  (en¬ 
grafted  with  fetal  rat  thymus  and  liver)  were  used 
as  controls,  and  showed  comparable  effects. 
TCDD  tissue  concentrations  in  the  normal  rat 
thymus  and  the  grafted  human  thymus  were 
similar.  The  study  indicates  that  the  human 
thymus  and  the  Wistar  rat  thymus  display  a 
similar  sensitivity  to  TCDD. 

5.2.  Hexachlorobenzene  (HCB) 

HCB  is  a  highly  persistent  environmental 
chemical  that  has  been  used  in  the  past  as  a 
fungicide.  Presently,  emission  in  the  environment 
may  occur  as  a  result  of  the  use  of  HCB  as  a 
chemical  intermediate  or  as  a  byproduct  in 
chemical  processes.  It  is  an  immunotoxic  com¬ 
pound,  with  different  effects  in  rats  and  mice 
[27].  In  rats,  prominent  changes  following  dietary 
exposure  include  elevated  IgM  levels  and  an 
increase  in  the  weights  of  the  spleen  and  lymph 
nodes.  Histopathologically,  the  spleen  shows 
hyperplasia  of  B  lymphocytes  in  the  marginal 
zone  and  follicles,  while  lymph  nodes  show  an 
increase  in  proportions  of  high  endothelial  ven¬ 
ules,  indicative  of  activation.  High  endothelial- 
like  venules  are  induced  in  the  lung,  as  are 
accumulations  of  macrophages.  Functional  tests 
revealed  an  increase  in  cell-mediated  immunity, 
as  measured  by  delayed-type  hypersensitivity 
(DTH)  reactions,  and  a  notable  increase  in 
primary  and  secondary  antibody  response  to 
tetanus  toxoid  [27].  Stimulation  of  humoral  and 
cell-mediated  immunity  occurred  even  at  dietary 
levels  as  low  as  4  mg  /kg  following  pre-  and 
postnatal  exposure;  at  such  a  dose  conventional 
parameters  for  hepatotoxicity  were  unaltered. 
Therefore,  the  developing  immune  system  of  the 
rat  seems  particularly  vulnerable  to  the  immuno¬ 
toxic  action  of  HCB. 

More  recent  studies  indicate  that  HCB  might 
cause  autoimmune-like  effects  in  the  rat.  Wistar 
rats  treated  with  HCB  had  elevated  levels  of 
IgM,  but  not  IgG,  against  the  autoantigens  sin¬ 
gle-stranded  DNA,  native  DNA,  rat  IgG  (repre¬ 
senting  rheumatoid  factor),  and  bromelain- 


treated  mouse  erythrocytes  (that  expose  phos¬ 
phatidylcholine  as  a  major  autoantigen).  It  has 
been  suggested  that  HCB  activates  a  recently 
described  B  cell  subset  committed  to  the  pro¬ 
duction  of  these  autoantibodies  [28].  The  role  of 
these  autoantibodies  is  still  a  matter  of  con¬ 
troversy.  Increased  levels  have  been  associated 
with  various  systemic  autoimmune  diseases,  but  a 
protective  role  of  these  autoantibodies  against 
development  of  autoimmune  disease  has  been 
postulated  as  well.  Interesting  in  this  respect  are 
the  observations  that  HCB  had  quite  opposite 
effects  in  2  different  models  of  autoimmune 
disease  in  the  Lewis  rat.  HCB  treatment  severely 
potentiated  allergic  encephalomyelitis  elicited  by 
immunization  with  myelin  in  complete  Freund's 
adjuvant,  while  it  strongly  inhibited  the  develop¬ 
ment  of  arthritic  lesions  elicited  by  complete 
Freund's  adjuvant  as  such  [29]. 

The  chemical  HCB  has  been  the  subject  of 
intense  research  following  the  accidental  poison¬ 
ing  in  Turkey  from  1955  to  1959:  it  has  been 
estimated  that  4000  people  developed  porphyria 
due  to  the  ingestion  of  wheat  that  was  treated 
with  the  fungicide  HCB  [30].  Clinically,  patients 
developed  skin  lesions  that  have  been  attributed 
to  the  the  toxicity  of  photochemically  activated 
cutaneous  porphyrins.  In  a  follow-up  study  of 
204  patients,  20-30  years  later,  dermatological 
and  other  abnormalities,  such  as  painless  arth¬ 
ritis,  still  persisted  [31].  Regarding  the  mecha¬ 
nism  of  HCB-induced  hepatic  porphyria,  an 
oxidative  metabolite  and  not  the  parent  com¬ 
pound  has  been  found  to  be  responsible  for  the 
porphyrinogenic  action.  In  rats  treated  with  the 
combination  of  HCB  and  triacetyloleandomycin 
(TAO,  a  selective  inhibitor  of  cytochrome 
P450IIIA),  porphyria  was  greatly  reduced 
[32,33].  Remarkably,  combined  treatment  with 
HCB  and  TAO  did  not  substantially  affect  inci¬ 
dence  and  severity  of  skin  lesions.  In  addition, 
TAO  did  not  influence  the  immunomodulatory 
effects  of  HCB,  including  the  formation  of  au¬ 
toantibodies.  From  these  findings  it  has  been 
suggested  that  an  immunological  component  at 
least  partially  underlies  the  HCB-induced  skin 
lesions  in  the  rat  and  possibly  in  man  [34]. 
Similarly,  an  autoimmune  etiology  is  conceivable 
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as  to  other  symptoms  in  HCB-poisoned  patients 
in  Turkey  such  as  enlarged  thyroid  and  painless 
arthritis  [31].  This  certainly  needs  future  re¬ 
search. 

6.  Conclusions 

Studies  in  rodents  have  provided  a  great  num¬ 
ber  of  markers  to  obtain  meaningful  information 
on  potential  immunotoxicity  as  it  pertains  to 
immunosuppression  and  reduced  resistance  to 
infectious  diseases.  Several  xenobiotics  have 
been  identified  in  such  studies  with  laboratory 
animals  to  impair  immune  responses  and  host 
resistance.  In  humans,  the  database  on  chemical- 
induced  immunosuppression  is  limited,  as  the  use 
of  markers  of  immunotoxicity  has  received  little 
attention  in  clinical  and  epidemiological  studies. 
Such  studies  have  not  been  performed  frequent¬ 
ly,  and  their  interpretation  often  does  not  permit 
unequivocal  conclusions  to  be  drawn,  due  for 
instance  to  the  uncontrolled  nature  of  exposure. 
Incidental  information  is  promising  in  that  in 
general  terms  human  data  confirm  the  data 
gained  with  experimental  animals.  Immuno¬ 
toxicity  assessment  in  rodents  forms  therefore 
the  basis  for  human  risk  assessment. 

Animal  models  are  currently  available  to  de¬ 
tect  the  potential  of  compounds  to  exacerbate 
induced  or  genetically  predisposed  autoimmuni¬ 
ty,  but  are  seldomly  used  in  immunotoxicity 
studies.  Models  to  investigate  the  ability  of 
chemicals  to  induce  autoimmunity,  as  result  from 
an  immune  response  to  own  proteins  modified  by 
the  chemical,  are  virtually  limited  to  the  PLNA. 
As  human  data  show  that  chemical  agents,  in 
particular  drugs,  can  cause  autoimmune  diseases, 
new  models  should  be  developed. 
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Abstract 

In  this  study,  overexpression  of  the  cDNA  for  the  major  cytoplasmic  glutathione  peroxidase  isoenzyme,  GSH 
Peroxidase  1  (GSHPx-1),  in  human  MCF-7  breast  cancer  cells  has  been  shown  to  significantly  increase  the 
tolerance  of  these  cells  to  oxidative  stress  produced  by  hydrogen  peroxide  or  by  the  redox  cycling  of  the 
quinone-containing  anticancer  agent  doxorubicin.  These  experiments  suggest  that  intracellular  detoxification  of 
hydrogen  peroxide  by  the  glutathione-glutathione  peroxidase  cycle  plays  a  critical  role  in  resistance  against  oxidant 
stress  produced  by  xenobiotics. 

Keywords :  Glutathione  peroxidase;  Anthracyclines;  Doxorubicin;  Hydrogen  peroxide;  Selenium 


1.  Introduction 

Glutathione-dependent  pathways  for  intracel¬ 
lular  detoxification  play  an  important  role  in 
modulating  the  growth  inhibitory  effects  of  xeno¬ 
biotics,  including  the  anticancer  quinone  doxoru¬ 
bicin  [1,2].  Of  the  enzymatic  detoxification  path¬ 
ways,  the  four  well-characterized,  selenium-de- 
pendent  glutathione  peroxidases  (GSHPx)  play 
an  essential  part  in  the  metabolism  of  H202, 
fatty  acid  hydroperoxides,  and  phospholipid  hy¬ 
droperoxides  in  mammalian  cells  [3-6].  Of  these 
isoenzymes,  the  cytoplasmic  species,  GSHPx-1, 
has  been  most  clearly  linked  to  alterations  in  the 
cytotoxicity  of  the  anthracycline  quinone  doxoru¬ 
bicin  [7-11].  To  examine  the  role  of  GSHPx-1  in 
the  cytotoxicity  produced  by  oxidative  stress,  the 
human  GSHPx-1  cDNA  was  expressed  in  MCF-7 
breast  carcinoma  cells,  a  human  tumor  line  which 
possesses  barely  detectable  levels  of  glutathione 


peroxidase  prior  to  transfection  [4].  Under  con¬ 
ditions  that  allowed  an  over  25-fold  increase  in 
glutathione  peroxidase  expression,  the  cytotoxici¬ 
ty  of  hydrogen  peroxide  or  doxorubicin  was 
significantly  decreased. 

2.  Experimental  procedures 

2.1.  Materials 

Doxorubicin  hydrochloride  was  purchased 
from  Adria  Laboratories  (Wilmington,  DE); 
Reduced  glutathione  (GSH),  glutathione  reduc¬ 
tase  type  III,  5  '-5 '  -dithiobis-(2-nitrobenzoic 
acid),  l-chloro-2, 4-dinitrobenzene  (CDNB), 
G418,  and  NADPH,  were  obtained  from  Sigma 
Chemical  Co.  (St.  Louis,  MO).  Hydrogen  perox¬ 
ide  (30%  solution)  was  supplied  by  Mallinckrodt 
Inc.  (St.  Louis,  MO).  DMEM/F12  minimal  es- 
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sential  medium  and  heat-inactivated  fetal  calf 
serum  (FCS)  were  purchased  from  GIBCO 
(Grand  Island,  NY). 


2.2.  Methods 

MCF-7  human  breast  carcinoma  cells,  ob¬ 
tained  from  the  American  Type  Culture  Collec¬ 
tion  (Rockville,  MD),  were  initially  cultured  in 
DMEM/F12  medium  with  5%  FCS  at  37°C  in  a 
humidified  atmosphere  containing  5%  CCL  in 
air.  The  cloning  and  expression  of  the  human 
GSHPx-1  cDNA  in  MCF-7  cells  has  been  de¬ 
scribed  previously  [4].  MCF-7H6,  a  transfectant 
expressing  high  levels  of  enzymatic  activity,  as 
well  as  the  parental  MCF-7  line  were  adapted  to 
growth  in  0.5%  FCS  containing  5  /xg/ml  each  of 
insulin  and  transferrin  and  400  ytig/ml  of  G418  to 
which  30  nM  selenium  was  added.  Growth  inhi¬ 
bition  was  determined  with  cells  in  exponential 
growth  phase  (96  h  after  plating)  by  addition  of 
50  p\  of  the  compound  of  interest  (or  medium 
for  controls)  to  the  tissue  culture  flasks  in  trip¬ 
licate  for  a  1-h  period  of  exposure  at  37°C.  After 
drug  exposure,  the  medium  was  removed  and 
cells  were  washed  in  phosphate-buffered  physio¬ 
logic  saline  (PBS);  cells  were  then  harvested  by 
treatment  with  4  ml  of  a  mixture  containing 
0.05%  (w/v)  crystalline  trypsin  and  680  /iM 
EDTA  for  1  min  at  37°C.  The  cell  suspension 
was  then  removed  from  the  tissue  culture  flasks, 
passed  through  a  5-ml  pipette,  washed  in  PBS, 
and  counted  in  a  hemocytometer.  Cell  viability 
(in  all  cases  >90%)  was  measured  by  exclusion 
of  0.1%  trypan  blue  dye.  Cells  were  then  re¬ 
plated  in  25-cm2  tissue  culture  flasks  in  duplicate 
in  DMEM/F12  medium  with  5%  FCS  without 
selenium  and  cultured  at  37°C.  Growth  inhibition 
was  determined  96  h  after  exposure  by  com¬ 
parison  of  cell  numbers  in  treated  versus  control 
flasks;  the  data  have  been  expressed  as  the 
percentage  of  growth  of  treated  cells  compared 
to  that  of  cells  exposed  to  medium  alone.  The 
activities  of  antioxidant  enzymes  in  MCF-7  or 
MCF-7H6  cells  were  measured  as  described 
previously  [1].  Data  were  analyzed  with  the  two- 
tailed  Student’s  /-test  for  independent  means 


(NS,  P  >  0.05  [12]).  Data  are  expressed  as  the 
mean  ±1  S.E. 


3.  Results 

3.1.  Effect  of  GSHPx-1  overexpression  on 
antioxidant  levels  in  MCF-7  cells 

Expression  of  the  cytosolic  glutathione  per¬ 
oxidase  cDNA  in  MCF-7  cells  resulted  in  an 
approximate  25-fold  increase  in  GSHPx  activity 
(Table  1).  Furthermore,  overexpression  of  gluta¬ 
thione  peroxidase  did  not  lead  to  any  change  in 
the  expression  of  catalase  or  glutathione  S-trans- 
ferase  (GST)  activity  in  the  cytoplasmic  com¬ 
partment  of  the  MCF-7  cells.  Levels  of  reduced 
glutathione  were  also  unchanged  in  the  transfec- 
tants  compared  to  the  parental  line  (data  not 
shown). 

3.2.  Effect  of  GSHPx-1  overexpression  on 
oxidant  cytotoxicity  in  MCF-  7  cells 

To  evaluate  the  role  of  glutathione  peroxidase 
in  detoxifying  peroxides,  MCF-7  cell  transfec- 
tants  were  exposed  to  hydrogen  peroxide  as  well 
as  to  the  redox  cycling  anticancer  quinone  doxo¬ 
rubicin.  As  shown  in  Table  2,  overexpression  of 


Table  1 

Antioxidant  enzyme  levels 

i  in  MCF-7  GSHPx 

-1  transfeclants 

Enzyme 

MCF-7 

MCF-7H6 

act  i v i l  v  ( n mo  1  /  m i  n  /  m g ) 

GSHPx-1 

1 .8  ±  0.5 

55.8  ±3. I* 

GST 

2.1  ±0.4 

3.4  ±  0.9 

Catalase 

1 900  ±  340 

1700  ±  400 

*^<0.01  compared  to  MCF-7. 

Table  2 

GSHPx-1  expression  and  oxidant  cytotoxicity 

Oxidant 

MCF-7 

MCF-7H6 

H,0,  (100  juM) 

34  ±  2" 

79  ±  2* 

Doxorubicin  ( 1  jx  M ) 

43  ±8 

83  ±  4* 

'Cell  growth  as  per  cent  ol  control  ±S.E. 
*  P  <  0.05  versus  MCF-7. 
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GSHPx-1  significantly  decreased  the  growth-in¬ 
hibitory  effects  of  these  oxidants. 


4.  Discussion 

Although  the  glutathione  peroxidase  iso¬ 
enzymes  are  present  in  all  mammalian  tissues, 
the  role  of  these  selenium-dependent  enzymes  in 
protecting  cells  against  oxidant  stress  has  been 
questioned  [13].  This  controversy  has,  in  part, 
been  based  on  the  lack  of  a  specific  glutathione 
peroxidase  inhibitor,  which  has  made  selenium 
deprivation  the  only  available  means  to  reliably 
alter  intracellular  GSHPx  activity  [2].  The  availa¬ 
bility  of  the  GSHPx-1  transfectants  that  have 
recently  been  described  by  our  laboratory  has 
allowed  studies  of  the  antioxidant  role  of  the 
cytoplasmic  enzyme  to  proceed. 

When  MCF-7  human  breast  cancer  cells  are 
transfected  with  a  human  GSHPx-1  cDNA, 
selenium-dependent  glutathione  peroxidase  ac¬ 
tivity  increases  over  25-fold.  This  occurred  with¬ 
out  altering  the  growth  rate  of  the  cells  or  the 
expression  of  other  components  of  the  intracellu¬ 
lar  antioxidant  milieu  (catalase,  glutathione,  or 
GST).  The  transfectants  also  became  relatively 
resistant  to  the  growth-inhibitory  effects  of  hy¬ 
drogen  peroxide  or  doxorubicin,  suggesting  that 
GSHPx  activity  was  critical  for  the  protection 
against  oxidant  stress  that  was  observed. 

However,  the  resistance  demonstrated  was  not 
complete.  This  observation  may  be  related  to  the 
fact  that  the  oxidants  we  have  chosen  to  study 
produce  potentially-lethal  damage  at  the  level  of 
the  cell  surface,  as  well  as  intracellularly  [14]. 
Furthermore,  these  studies  do  not  address  the 
mechanism(s)  involved  in  producing  the  level  of 
resistance  that  was  observed;  thus,  additional 
experiments  will  be  required  to  determine  the 
functions  critical  for  cell  growth  that  have  been 
spared  by  enhancement  of  peroxide  detoxifica¬ 
tion.  Overall,  however,  these  investigations  do 
suggest  that  the  GSHPx  system  itself  may  play  an 
essential  role  in  modulating  the  growth-related 
phenomena  which  are  regulated  by  cellular 
peroxide  tone. 
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Abstract 

Glutamate  is  a  ubiquitous  neurotransmitter  which  causes  excess  neuronal  excitotoxicity  and  neurodegenerative 
insults  such  as  stroke,  trauma  and  seizures.  A  salient  feature  of  the  activation  of  glutamate  receptors  is  the 
induction  of  oxidative  burst.  Moreover,  glutamate  stimulates  Ca2+  influx  and  translocates  protein  kinase  C  (PKC). 
PKC  mediates  cellular  processes  mediated  via  phosphorylations  which  may  be  essential  for  oxidative  burst  in  many 
cells.  Subsequent  oxidative  stress  may  be  a  causal  factor  of  neurodegenerative  diseases.  Increased  glutamate  release 
and  oxidative  burst  may  thus  both  be  essential  in  the  cascade  of  events  leading  to  neuronal  damage.  Glutamate  may 
also  mediate  neurotoxic  effects  of  environmental  toxic  agents  such  as  lead  which  amplify  glutamate  excitotoxicity. 
In  these  interactions,  excessive  activation  of  glutamate  receptors  and  oxidative  burst  may  converge  into  a  common 
pathway  leading  to  cell  death  through  a  cascade  involving  PKC  or  other  proteins  important  in  oxidative  burst  in 
neurons. 

Keywords :  Neuronal  cells;  Glutamate-induced  cell  activation;  Lead;  Protein  kinase  C;  Oxidative  stress;  Cell  injury 


1.  Introduction 

Glutamate  is  the  most  important  excitatory 
neurotransmitter  in  the  brain.  Human  brain 
contains  about  10 10  neurons  each  exhibiting 
approximately  1000  synapses.  About  90%  of 
these  10 13  synapses  utilize  amino  acids  as  their 
neurotransmitter.  Among  the  amino  acids  gluta¬ 
mate  is  the  most  predominant  one  and  is  re¬ 
leased  by  an  estimated  40%  of  all  synapses  [1,2]. 
Co-existence  and  release,  association  in  neuronal 
events,  and  coupling  mechanisms  of  glutamate, 
aspartate,  and  acetylcholine  (ACh),  have  recently 
evoked  remarkable  interest  in  events  related  to 
excitatory  neuronal  damage  and  death  [3-7]. 


*  Corresponding  author. 


Glutamate-induced  activation  of  ionotropic 
glutaminergic  receptors  is  associated  with  influx 
of  Ca2  +  ,  and  excessive  activation  of  these  re¬ 
ceptors  seems  to  cause  subsequent  oxidative 
burst.  Both  glutamate  and  oxidative  stress  have 
been  implicated  in  stroke,  trauma  and  seizures 
[!]• 

In  addition  to  overt  toxic  insults,  recent  ob¬ 
servations  suggest  that  glutamate  may  have  a 
widespread  role  in  the  central  nervous  system 
(CNS)  also  in  mediating  neurotoxic  effects  of 
environmental  toxic  agents.  Markovac  and 
Goldstein  have  shown  that  lead  at  picomolar 
concentrations  stimulates  protein  kinase  C 
(PKC)  in  acellular  systems  [8]  and  that  at  mi¬ 
cromolar  concentrations  it  activates  PKC  in  brain 
micro  vessels  [9].  PKC,  in  turn,  has  a  key  role  in 
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the  production  of  reactive  oxygen  species  in 
immunological  cells  by  phosphorylating  NADPH 
oxidase  which  produces  superoxide  anion  (  02) 
[10,11].  Glutamate  has  been  shown  to  induce  the 
production  of  reactive  oxygen  species  in  neuro¬ 
nal  preparations  [12],  and  Cid  and  Ortega  [13] 
have  provided  evidence  that  PKC  may  have  an 
important  role  in  glutamate-induced  oxidative 
burst. 

2.  Oxidative  stress  and  cerebral  insults 

Oxidative  stress  in  the  CNS  elevates  free 
intracellular  Ca2r,  increases  the  release  of  ex¬ 
citatory  amino  acids,  mainly  glutamate,  may 
increase  lipid  peroxidation,  and  depletes  neuro¬ 
nal  glutathione  (GSH)  [7,14].  Oxidative  stress 
results  from  the  formation  of  reactive  oxygen 
species,  02,  the  hydroxyl  radical  (  OH),  and 
hydrogen  peroxide  (PI202).  They  are  generated 
as  byproducts  of  normal  and  aberrant  neuronal 
metabolism  that  utilizes  molecular  oxygen  [14]. 
Recent  observations  indicate  that  the  activation 
of  glutamate-activated  cation  channels  may  be 
intrinsically  involved  in  neuronal  oxidative  stress. 
These  2  processes  may  be  interrelated  and  se¬ 
quential  processes  which  jointly  form  a  common 
pathway  leading  to  oxidative  damage  of  neurons 
[!]• 

Relevance  of  both  glutaminergic  agonists  and 
ACh  have  been  implicated  in  a  number  of 
cerebral  disorders  and  both  induce  seizures  and 
neuronal  damage  in  rodents  [1,7,15-18]. 

Cholinergic  convulsions  and  associated  brain 
damage  can  be  prevented  by  pretreating  animals 
with  a  cholinergic  antagonist  atropine.  Atropine 
is,  however,  without  an  effect  if  given  after  the 
onset  of  convulsions.  By  utilizing  specific  N- 
methyl-D-aspartate  (NMDA)  receptor  agonists 
both  cholinergic  and  kainic  acid-induced  convul¬ 
sions  and  associated  neuronal  damage  can,  how¬ 
ever,  be  prevented  [17,19]  indicating  that  neuro¬ 
transmitters  other  than  ACh  are  responsible  also 
for  the  final  deleterious  outcomes  of  excessive 
cholinergic  brain  stimulation.  Moreover,  in¬ 
creased  glutamate  release  has  been  found  after 
the  induction  of  convulsions  in  rats  with  kainic 
acid  or  soman  [15].  These  findings  have  been 


substantiated  by  observations  of  Docherty  et  al. 
[4]  which  show  that  cholinergic  stimulation  of 
neurons  is  associated  with  a  co-release  of  excitat¬ 
ory  amino  acids  glutamate  and  aspartate. 

3.  Glutamate-induced  cell  excitation 

Excessive  release  of  glutamate  in  the  CNS  is 
associated  with  elevated  cellular  Ca"*  levels 
([Ca:  +  ]j)  and  neuronal  damage  [1].  Naarala  et  al. 

[20]  showed  [Ca2  ]  t  elevation  in  human  SH- 
SY5Y  neuroblastoma  cells  by  stimulating 
NMDA,  kainate,  and  a-amino-3-hydroxy-5- 
methyl-4-isoxalolpropionic  acid  (AMPA)  gluta¬ 
mate  receptors.  Stimulation  of  metabotropic 
glutaminergic  receptor  with  rram-l-amino- 
cyclopentane-l,3-dicarboxylic  acid  {tram- ACPD) 
also  elevated  [Ca"  ],  in  these  cells.  However,  in 
isolated  synaptoneurosomes,  increased  product¬ 
ion  of  reactive  oxygen  species  could  be  induced 
only  by  agonists  of  ionotropic  glutamate  recep¬ 
tors,  notably  NMDA,  kainate,  and  AMPA,  and 
not  by  an  agonist  of  the  metabotropic  glutamate 
receptor  [12].  On  the  contrary,  Lafon-Cazal  et  al. 

[21]  demonstrated  that  stimulation  of  NMDA 
receptors,  but  not  of  kainate  receptors  or  volt¬ 
age-sensitive  Ca2 "-channels,  in  cultured  cerebel¬ 
lar  granule  cells  increased  the  production  of  02. 
The  production  of  CK  was  due  to  increase  of 
[Ca2  ],  and  facilitated  metabolism  of  arachidonic 
acid  as  a  consequence  of  phospholipase  A, 
activation. 

The  role  of  PKC  in  glutamate-induced  oxida¬ 
tive  burst  has  remained  open  but  Cid  and  Ortega 
[13]  observed  that  both  glutamate  and  its  struc¬ 
tural  analogue  kainate  evoke  a  dose-dependent 
increase  in  the  maximal  number  of  binding  sites 
for  [’HJphorbol  12,13-dibutyrate  (PDBu)  in  in¬ 
tact  cultured  chick  cerebellar  Bergman  glial  cells. 
This  indicates  translocation  of  PKC  to  the  mem¬ 
brane.  Glutamate  and  kainate  responses  were 
mediated  via  AMPA/kainate  receptors.  These 
findings  are  consistent  with  the  observations  of 
Bondy  and  Lee  [12]  and  in  agreement  with  a 
possible  role  of  PKC  in  glutamate-induced  oxida¬ 
tive  burst  in  neuronal  cells.  However,  glutamate- 
induced  translocation  of  PKC  via  AMPA/kain¬ 
ate  receptors  is  contrary  to  findings  of  Lafon- 
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Cazal  et  al.  [21].  These  discrepancies  may  indi¬ 
cate  that  glutamate-induced  oxidative  burst  is 
mediated  via  different  glutamate  receptor 
subtypes  in  different  neuronal  preparations  and 
that  the  role  of  PKC  in  these  events  differ, 
possibly  due  to  differences  in  the  expression  of 
PKC  isoenzymes. 

The  potential  of  glutamate  to  produce  oxida¬ 
tive  stress  in  neurons  is  of  particular  interest 
because  the  release  of  glutamate  from  synapto- 
somes  further  amplifies  the  production  of  re¬ 
active  oxygen  species  thereby  causing  amplifica¬ 
tion  of  glutamate-induced  neuronal  damage  [22]. 
In  this  context  it  is  important  to  note  that  a 
10  000-fold  gradient  exists  between  glutamate 
concentration  in  the  extracellular  space  in  cere¬ 
bral  spinal  fluid  (0.3  /xM)  and  the  average  brain 
parenchyma  (3000  yu,M).  In  the  synaptic  vesicles, 
the  concentration  of  glutamate  is  even  higher, 
about  10  mM.  The  primary  mechanism  for  clear¬ 
ing  extracellular  glutamate  is  a  family  of  Na+- 
dependent  high-affinity  transporters  on  gluta- 
minergic  neuronal  processes  and  glial  cells. 
Clearing  of  glutamate  from  the  extracellular 
space  reduces  glutamate  excitotoxicity  to  adja¬ 
cent  cells  [1,2].  However,  insults  evoking  an 
increased  release  of  glutamate  or  the  production 
of  reactive  oxygen  species  may  initiate  a  vicious 
cycle  leading  to  widespread  nervous  destruction. 
Savolainen  and  coworkers  [7,18]  have  suggested 
that  convulsions  and  associated  brain  damage 
induced  by  cholinergic  stimulation  may  utilize  a 
common  pathway  also  active  in  glutaminergic 
convulsions  and  other  insults  in  which  glutamate 
is  involved  [15].  In  these  events  both  the  release 
of  glutamate  and  increased  production  of  re¬ 
active  oxygen  species  may  play  a  central  role. 

Present  data  suggest  that  glutamate  and  oxida¬ 
tive  stress  may  play  an  important  role  also  in 
neuronal  apoptosis  in  a  variety  of  brain  con¬ 
ditions  [23].  Sustained  increases  in  [Ca2+];  have 
been  shown  to  be  associated  in  cellular  events 
leading  to  apoptosis  but  it  is  not  clear  whether 
[Ca2+];  is  one  of  the  causal  factors  or  an  epi- 
phenomenon  that  occurs  simultaneously  with 
apoptosis  [1,23].  In  support  of  the  potential  role 
of  apoptosis  in  glutamate  toxicity  is  the  inhibition 
of  oxidative  stress-induced  neuronal  death  in 


neurons  overexpressing  bcl-2  proto-oncogene 
preventing  apoptosis  [24,25].  Moreover,  Mitchell 
et  al.  [26]  demonstrated  that  reserpine-induced 
apoptosis  in  striatal  projection  neurons  could  be 
prevented  by  glutamate  antagonists  in  vivo.  The 
issue  on  glutamate-induced  apoptosis  in  neuronal 
cells  is,  however,  controversial  because  the  acti¬ 
vation  of  metabotropic  glutamate  receptors  have 
been  shown  to  prevent  the  low  K  +  -induced 
apoptosis  in  cultured  granule  cells  [27]. 

4.  Lead-induced  neuronal  damage 

Exposure  to  inorganic  or  organic  lead  may 
produce  clinically  definable  encephalopathy  and 
neuropathy  that  depend  on  age,  route  of  ad¬ 
ministration,  and  dose  [28].  High  doses  of  lead 
may  produce  either  severe  CNS  symptoms  such 
as  ataxia,  convulsions  or  coma,  or  lesser  CNS 
deficits  including  learning  disorders,  hyperactivi¬ 
ty  and  headache  in  humans  [29].  Moreover,  Cohn 
and  Cory-Slechta  [30]  have  recently  observed  in 
rats  that  exposure  to  low  levels  of  lead  in 
drinking  water  markedly  amplified  NMDA-in- 
duced  discrimination  learning  in  rats.  In  support 
of  this  finding  is  the  observation  by  Guilarte  et 
al.  [31]  that  both  prenatal  and  postnatal  exposure 
of  rats  to  low  levels  of  lead  increases  the  binding 
of  [3H]MK-801  to  NMDA  receptors  in  adult  rat 
forebrain. 

Even  if  the  effects  of  lead  have  been  thorough¬ 
ly  described,  the  biochemical  and  molecular 
mechanisms  of  lead  toxicity  are  poorly  under¬ 
stood.  Recent  data  suggest  that  some  of  the 
effects  of  lead  may  be  due  to  its  interference  with 
Ca  + -mediated  cellular  processes  such  as  cal¬ 
modulin  and  calmodulin-sensitive  enzymes,  e.g. 
activation  of  phosphodiesterase  responsible  for 
the  hydrolysis  of  cyclic  AMP  [8,32-35].  Effects  of 
lead  may  be  directed  also  to  the  release  of 
neurotransmitters,  e.g.  norepinephrine,  dopa¬ 
mine,  ACh,  or  GABA  [8,32-34],  or  the  activa¬ 
tion  of  protein  kinases  [8,9,34,36,37].  Lead  may, 
in  fact,  activate  PKC  by  mimicking  Ca2+  [8,9,37], 
and  this  may  result  in  the  production  of  reactive 
oxygen  metabolites  [10].  Both  organic  and  inor¬ 
ganic  lead  increase  lipid  peroxidation  and  the 
production  of  reactive  oxygen  species  in  a  num- 
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ber  of  different  cell  types  [38,39].  In  rats,  lead 
accumulates  especially  in  the  cerebral  cortex,  and 
decreases  the  concentrations  of  phospholipids  in 
those  brain  areas  in  which  the  lead  content  is  the 
highest.  These  changes  are  associated  with  in¬ 
creased  rate  of  lipid  peroxidation  in  rat  brain 

[40]. 

Lead  increased  the  binding  of  inositol- 1,4, 5- 
trisphosphate  (InsP.)  to  its  receptor  on  the 
intracellular  Ca24  vesicles  in  rat  cerebral  micro- 
somes  whereas  InsP. -induced  [Ca“  ] ;  elevation 
was  inhibited.  Reuptake  of  Ca2+  into  the  micro- 
somes  as  well  as  microsomal  Ca~  -pump  were 
also  inhibited  by  lead  [41].  Thus,  lead  may 
modulate  inositol  lipid-mediated  cellular  signal¬ 
ling  implicated  in  the  actions  of  metabotropic 
glutamate  receptors  [1,5]. 

5.  Amplification  of  glutamate-induced  oxidative 
stress:  the  role  of  PKC 

Production  of  glutamate-induced  reactive  oxy¬ 
gen  species  has  been  demonstrated  convincingly 
in  a  number  of  recent  papers  [12,21,39,42,43]. 
However,  the  possible  mechanisms  behind  this 
effect  began  to  unfold  after  the  observation  that 
glutamate  stimulates  PDBu  binding  in  neuronal 
cells.  Both  glutamate  and  kainate  evoked  a  dose- 
dependent  increase  in  PDBu-binding  in  intact 
neuronal  cells  indicating  translocation  of  PKC 
from  the  cytosol  to  the  membrane.  The  effect 
was  mediated  through  the  AMPA/ kainate  re¬ 
ceptors.  This  finding  brought  up  the  possibility 
that  PKC  may  play  an  important  role  in 
glutamate-induced  neuronal  processes  such  as 
oxidative  burst. 

Naarala  et  al.  [20]  have  shown  that  human 
SH-SY5Y  neuroblastoma  cells  express  both 
ionotropic  NMD  A,  kainate  and  AMPA  receptors 
and  metabolic  glutamate  receptors  rendering 
these  cells  suitable  for  studies  on  mechanisms  of 
glutamate-induced  excitation.  Utilizing  these 
cells  Naarala  et  al.  [44]  were  able  to  demonstrate 
glutamate-induced  oxidative  burst  in  these  cells 
which  was  dramatically  amplified  by  lead. 
Glutamate-induced  production  of  reactive  oxy¬ 
gen  species  could  only  be  demonstrated  when 


neuronal  GSH  was  depleted  by  diethyl  maleate 
indicating  an  effective  GSH  defence  against 
oxidative  stress  in  these  cells.  Moreover, 
glutamate-induced  production  of  reactive  oxygen 
species  could  be  completely  blocked  by  a  com¬ 
petitive  inhibitor  of  PKC,  Ro  31-7549  [44,45]. 
Thus,  PKC  was  evidently  involved  in  glutamate- 
induced  oxidative  burst.  The  finding  that  gluta¬ 
mate  increases  PDBu-binding  further  substan¬ 
tiates  the  conclusion  on  the  role  of  PKC  in 
glutamate-induced  oxidative  burst  [13].  The  abili¬ 
ty  of  lead  to  stimulate  PKC  in  aqueous  solutions 
at  picomolar  concentrations  [8]  and  in  brain 
microvessels  at  micromolar  concentrations  [9] 
adds  an  interesting  dimension  to  the  lead-gluta- 
mate  interaction.  Long  et  al.  [37]  have  also 
confirmed,  utilizing  lt)F  NMR  spectroscopy,  the 
ability  of  picomolar  lead  concentrations  to  acti¬ 
vate  brain  PKC.  Laterra  et  al.  [36]  observed  that 
lead  inhibits  differentiation  of  brain  microvessel 
endothelial  cells  through  an  effect  on  PKC  con¬ 
firming  the  importance  of  PKC  as  a  target  for 
lead  action. 

A  likely  explanation  for  the  findings  of 
Naarala  et  al.  [44]  is  that  lead  amplifies 
glutamate-induced  oxidative  burst  by  mimicking 
Ca2+  [8,9],  and  thereby  activates  PKC.  Thus, 
glutamate  may  increase  both  translocation  and 
activation  of  PKC  which  is  further  potentiated  by 
a  direct  activation  of  PKC  by  lead.  These  events 
may  together  explain  the  eventual  oxidative 
burst,  decreased  neuronal  GSH,  and  increased 
cytotoxicity. 

To  further  explore  the  role  of  PKC  in  oxida¬ 
tive  stress,  human  neuroblastoma  cells  were 
treated  with  lead  and  potent  PKC  inhibitors,  Ro 
31-7549  or  Ro  31-8220,  with  low  IC5{)  values  for 
brain  PKC  of  0.08  and  0.01  yuM,  respectively 
[45].  These  compounds  effectively  inhibit  PKC- 
induced  phosphorylations.  Also  lead  and  PKC 
inhibitors  jointly  increased  the  production  of 
reactive  oxygen  species  in  human  neuroblastoma 
cells  even  if  the  compounds  were  inactive  alone. 
PKC  inhibition  by  Ro  31-8220  induced,  however, 
translocation  of  PKC  to  the  membrane.  Lead 
and  PKC  inhibition  also  decreased  neuronal 
GSH  and  increased  cytotoxicity  in  human  neuro¬ 
blastoma  cells  (Naarala  et  al.,  unpublished). 
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Unphosphorylated  PKC  target  enzymes  may 
be  sensitive  to  the  activating  effects  of  lead  in 
analogy  with  PKC  which  is  potently  activated  by 
lead  [8,37].  Enzymes  not  being  phosphorylated 
due  to  PKC  inhibition  may  contribute  to  the 
production  of  reactive  oxygen  species  when  ex¬ 
posed  to  lead.  Furthermore,  a  PKC  inhibitor  may 
activate  kinases  which  do  not  depend  on  the 
formation  of  diacylglycerol,  a  second  messenger 
in  the  inositol  lipid  signalling  pathway,  and  PKC 
activity  [10].  A  PKC  inhibitor  may  also  affect  the 
production  of  reactive  oxygen  species  through  an 
effect  on  cell  membrane  phospholipid  metabo¬ 
lism  [46].  However,  lead-induced  direct  activa¬ 
tion  of  PKC  [8,37]  is  not  relevant  in  the  present 
interaction  of  lead  with  Ro  31-7549  [45].  Figs.  1 
and  2  present  proposed  effects  of  presynaptically 
released  glutamate  in  a  postsynaptic  neuron,  and 


Fig.  1.  Glutamate  and  the  production  of  reactive  oxygen 
metabolites  (ROM).  Upon  neuronal  stimulation  (1)  gluta¬ 
mate  is  released  from  the  presynaptic  neuron  (Pre)  into 
synaptic  cleft;  glutamate  binds  in  the  postsynaptic  cell  (Post) 
either  to  (2)  ionotropic  (NMDA,  kainate,  AMPA)  glutamate 
receptors  increasing  the  influx  of  Ca2+  or  to  (3)  metabotropic 
glutamate  receptors  which  through  activation  of  a  G-protein 
and  phospholipase  C  increase  the  production  of  InsP3  and 
increase  the  release  of  Ca2t  from  non-mitochondrial  Ca2+ 
vesicles;  (4)  levels  of  free  intracellular  Ca2+  ([Ca2  +  ],)  rise 
upon  glutamate  receptor  stimulation  which  causes  (5)  trans¬ 
location  and  activation  of  PKC  and  ultimately  (6)  increased 
production  of  ROM. 


Fig.  2.  Interactions  of  calcium,  lead,  and  a  PKC  inhibitor,  Ro 
31-7549  or  Ro  31-8220  (Ro),  with  PKC  and  its  putative  target 
proteins  (PKC-TP).  (1)  Elevation  of  [Ca2f];  causes  (2) 
translocation  and  activation  of  PKC  and  (3)  subsequent 
production  of  ROM;  (4)  lead  also  activates  PKC,  and 
increases  (3)  the  production  of  ROM;  (5)  Ro  inhibits  PKC 
but  increases  simultaneously  the  translocation  of  PKC  to  the 
membrane;  (6)  Ro-induced  inhibition  of  PKC  prevents  PKC- 
mediated  phosphorylation  of  PKC-TP  some  of  which  may 
increase  the  production  of  ROM  in  an  unphosphorylated 
form;  (7)  lead  may  activate  putative  PKC-TP  to  (8)  produce 
ROM. 

interactions  of  lead  and  PKC  inhibitors,  Ro  31- 
7549  or  Ro  31-8220,  with  glutamate-evoked  post¬ 
synaptic  responses. 
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Abstract 

The  ubiquitous  transcription  factor  NF-/cB  regulates  the  expression  of  a  plethora  of  genes.  In  most  cell  types  the 
dimeric  DNA-binding  form  of  the  transcription  factor  is  retained  in  the  cytoplasm  by  physical  association  with  the 
inhibitory  IkB  molecules.  Five  distinct  DNA-binding  subunits  have  so  far  been  identified  in  vertebrates,  which 
share  a  N-terminal  homology  region  responsible  for  DNA-binding  and  dimerization.  Exposure  of  cells  to  a  variety 
of  pathogenic  and/or  toxic  agents  leads  to  the  generation  of  hydrogen  peroxide  and  the  inducible  phosphorylation 
of  I/<B,  which  is  a  prerequisite  for  its  proteolytic  degradation.  The  DNA-binding  subunits  can  subsequently  enter 
the  nucleus,  bind  to  their  cognate  DNA  and  activate  transcription. 

Keywords:  Transcription  factor  NF-kB;  Signal  transduction;  Oxygen  radicals 


1.  Molecular  biology  of  the  DNA-binding 
subunits 

Purification  of  NF-/cB  using  sequence-specific 
DNA  affinity  chromatography  revealed  2  pro¬ 
teins  of  approximately  50  and  65  kDa  molecular 
weight  referred  to  as  p50  and  p65  [1].  These 
proteins  were  shown  to  contact  the  decameric 
kB  motif  (consensus:  5'-GGGPuNNPyPyCC-3') 
as  a  heterodimer.  Binding  sites  for  NF-/cB  are 
found  in  the  enhancer  and  promoter  regions  of 
many  cellular  and  viral  target  genes,  including 
transcription  factors,  viruses,  immunoreceptors, 
cell  adhesion  molecules,  cytokines,  hematopoetic 
growth  factors  and  acute  phase  proteins  [2]. 
Molecular  cloning  of  the  p50  and  the  p65  DNA- 
binding  subunit  revealed  that  these  proteins 
share  a  homology  domain  of  approximately  300 
amino  acids  in  their  N-terminus.  This  domain  is 


also  contained  in  the  oncogene  v-rel  from  the 
turkey  retrovirus  REV-T,  as  well  as  its  cellular 
homologue  c-rel  and  in  the  Drosophila  melano- 
gaster  proteins  dorsal  and  Dif.  PCR  cloning  and 
low-stringency  hybridization  revealed  p52  and 
RelB  as  additional  members  of  the  NF-/cB/Rel 
family  [3,4].  The  homology  region  is  referred  to 
as  NRD  domain,  since  it  is  shared  by  NF-/cB,  Rel 
and  Dorsal.  The  NRD  domain  is  necessary  for 
DNA-binding,  dimerization,  nuclear  location  and 
the  interaction  with  I/cB  proteins.  The  majority 
of  the  5  different  subunits  from  vertebrates  can 
homo-  and  dimerize  with  each  other,  but  the 
most  frequently  detected  form  of  NF-kB  consists 
of  a  heterodimer  between  p50  and  p65.  Studies 
employing  trans-dominant  mutants  and  domain- 
swop  experiments  located  the  amino  acids  re¬ 
sponsible  for  DNA-binding  and  recognition  to 
the  N-terminal  half  of  the  NRD  domain.  The 
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dimerization  domain  was  mapped  to  the  more 
C-terminal  half  of  the  homology  region.  These 
biochemical  and  genetic  data  are  completely 
consistent  with  the  crystal  structure  which  was 
obtained  for  the  p50  subunit.  A  cocrystal  be¬ 
tween  a  p50  dimer  and  DNA  revealed  that  the 
NRD  domain  can  be  further  divided  into  2 
distinct  subdomains,  similar  to  those  in  the  im¬ 
munoglobulin  superfamily.  The  DNA  is  con¬ 
tacted  by  the  N-terminal  specificity  domain,  that 
interacts  with  the  DNA  bases.  This  subdomain  is 
composed  of  a  9-strand  antiparallel  /3-barrel, 
from  which  emanate  several  loops  important  for 
DNA  recognition  at  the  sugar  phosphate  back¬ 
bone.  The  more  C-terminal  dimerization  domain 
forms  a  dimerization  interface  between  /3-sheets 
using  residues  strongly  conserved  between  the 
members  of  the  NRD  family  [5,6].  The  nuclear 
location  signal  is  located  at  the  C-terminal  end  of 
the  NRD  domain  and  contains  a  short  stretch  of 
4  or  5  basic  amino  acids.  The  p50  and  p52 
proteins  are  synthesized  as  large  precursor  mole¬ 
cules  of  105  and  100  kDa  molecular  weight, 
respectively.  The  C-terminal  halves  of  these 
precursors  contain  a  repeated  sequence  motif 
(the  so-called  ANK  repeat)  discovered  earlier  in 
the  SWI6  protein  from  yeast  and  also  found  in 
the  I/cB  proteins.  Both  precursor  molecules  are 
located  in  the  cytoplasm  and  are  unable  to  bind 
to  DNA.  The  p50  (and  presumably  also  the  p52) 
protein  is  generated  by  proteolytical  processing 
from  the  precursor  molecule  using  the  ATP- 
dependent  ubiquitin-proteasome  pathway  [7]. 

In  contrast  to  p50  and  p52  proteins  the  3  other 
members  of  the  NRD  family  are  transcriptionally 
active.  C-terminally  located  transactivation  do¬ 
mains  have  been  found  in  c-Rel,  RelB  and  p65 
proteins.  Structural  and  functional  analysis  re¬ 
vealed  that  the  activation  domains  of  p65  and 
c-Rel  belong  to  the  class  of  acidic  activators  and 
directly  contact  components  of  the  basal  tran¬ 
scription  complex  [8].  Excess  p50  can  downregu- 
late  gene  expression  by  occupying  NF-kB  bind¬ 
ing  sites  with  transcriptionally  inactive  homo¬ 
dimers.  Furthermore,  the  p50  and  p52  subunits 
can  serve  as  a  helper  subunit  by  increasing  the 
affinity  of  a  transactivating  subunit  for  a  /cB 
motif.  The  physiological  role  of  p50  was  directly 


assessed  by  gene  disruption  experiments.  Mice 
lacking  the  p50  subunit  show  no  developmental 
abnormalities,  but  display  defects  in  the  immune 
response.  The  expression  of  some  NF-atB  target 
genes  is  unimpaired  in  the  p50  knock-out  animal, 
suggesting  that  in  some  cases  p50  can  be  func¬ 
tionally  replaced  by  other  subunits  [9].  The 
targeted  disruption  of  the  transactivating  relB 
subunit  leads  to  a  more  dramatic  phenotype 
including  multiorgan  inflammation  and  hemato¬ 
poietic  abnormalities  [10]. 

2.  Molecular  biology  of  the  inhibitory  subunits 

With  the  exception  of  very  few  cell  types, 
including  mature  B  cells,  certain  T  cell  lines, 
monocytes  and  neurons  the  DNA  binding  activi¬ 
ty  of  NF-/<B  is  not  detected  in  unstimulated  cells. 
Treatment  of  cytosolic  fractions  with  dissociating 
agents  generates  the  DNA-binding  activity  of 
NF-/cB,  by  releasing  an  inhibiting  factor,  termed 
I/cB  [1,11].  Subsequent  purification  revealed  the 
existence  of  2  I/cB  variants:  the  \kB-o.  protein 
has  a  molecular  weight  of  37  kDa  and  I/<B-/3  of 
43  kDa.  Cloning  of  I/<B-a  from  chicken,  pig,  rat 
and  human  and  of  IkB-/3  from  mouse  revealed 
that  these  proteins  also  contain  ANK  repeats 
like  the  C-terminal  portions  of  pl05  and  plOO. 
NF-/<B-inhibiting  activity  was  also  found  for  the 
2  precursor  molecules  pl05  and  plOO.  Further 
members  of  the  I/cB  family  are  the  Bcl-3  protein 
and  alternatively  spliced  forms  of  pl05,  called 
I/cB-y.  The  family  of  proteins  belonging  to  the 
IkB  family  is  now  comprising  6  different  pro¬ 
teins,  which  preferentially  interact  with  different 
members  of  the  NRD  domain  family.  A  structur¬ 
al  characteristic  of  all  \kB  molecules  is  that  they 
contain  5-7  complete  ANK  repeats.  With  the 
exception  of  Bcl-3,  which  is  a  predominantly 
nuclear  protein,  the  I/cB  proteins  retain  their 
target  molecules  in  the  cytosol  by  masking  their 
NLS  sequence.  The  ability  of  I/cB-a,  IkB -/3  and 
p!05  to  dissociate  a  complex  formed  between 
NF-/<B  and  its  cognate  DNA  enables  these 
proteins  to  attenuate  ongoing  transcription  [12]. 
The  domain  responsible  for  the  inhibition  of 
DNA-binding  has  been  assigned  to  a  PEST-like 
sequence  in  the  C-terminus  of  I/cB-<*. 


M.  Lienhard  Schmitz  I  Toxicology  Letters  82183  (1995)  407-411 


409 


3.  Activation  of  NF-kB  by  pathogens  and 
toxins 

3.1.  The  role  of  reactive  oxygen  intermediates 

Numerous,  seemingly  unrelated,  stimuli  lead 
to  the  activation  of  NF-kB.  The  physiological 
inducers  of  NF-/cB  all  have  in  common  that  they 
are  either  primary  pathogenic  conditions  that 
menace  the  cell  or  are  secondary  signals,  which 
are  endogenously  produced  in  response  to 
pathogens.  The  signals  include  very  diverse 
stimuli  such  as  bacterial  products  (e.g.  bacterial 
lipopolysaccharide  (LPS)),  viruses  and  their 
products,  eucaryotic  parasites,  inflammatory 
cytokines  (e.g.  tumor  necrosis  factor  (TNF)  and 
interleukin  1  (IL-1)),  T  cell  mitogens  and  apo- 
ptotic  and  necrotic  stimuli  such  as  UV  light, 
oxidants  and  y-ray  exposure  [2].  Furthermore 
the  DNA-binding  form  of  NF-/cB  can  be  induced 
by  the  treatment  of  cells  with  toxins  such  as 
asbestos  or  some  metals  such  as  nickel.  All  these 
different  inducers  of  NF-kB  activity  use  different 
receptor  systems  and  intracellular  signal-trans¬ 
ducing  pathways  but  they  ultimately  cause  the 
same  reaction  in  the  cytosol,  which  is  the  release 
of  IkB  from  NF-kB. 

Apparently  most  if  not  all  of  the  diverse 
inducers  of  NF-/cB  activity  have  in  common  that 
they  lead  to  the  generation  of  reactive  oxygen 
intermediates  (ROIs),  the  phosphorylation  of 
IkB  and  finally  to  its  proteolytic  degradation. 
The  first  indications  for  the  probable  in¬ 
volvement  of  redox  signals  came  from  the  ob¬ 
servation  that  the  antioxidative  compound  N- 
acetyl-L-cysteine  (NAC)  can  suppress  the  activity 
of  NF-kB  [13].  Also  other  antioxidants,  such  as 
2-mercaptoethanol,  dithiocarbamates,  a-lipoic 
acid,  butylated  hydroxyanisol  and  chelators  of 
iron  and  copper  ions  were  found  to  prevent  or 
impair  the  generation  of  active  NF-kB.  The 
chemical  diversity  of  these  compounds  suggests 
that  not  their  particular  structure  but  their  com¬ 
mon  antioxidative  potential  is  responsible  for 
their  inhibitory  effect.  Overexpression  of  the 
antioxidative  enzymes  thioredoxin  and  catalase 
suppress  NF-/cB  activation.  The  HIV-1  Tat  pro¬ 
tein,  which  is  a  strong  inductor  of  NF-/<B,  was 
found  to  suppress  the  expression  of  Mn-depen- 


dent  superoxide  dismutase,  a  mitochondrial  en¬ 
zyme  that  is  part  of  the  cellular  defense  system 
against  oxidative  stress.  Direct  evidence  for  the 
activating  role  of  ROIs  comes  from  the  inducing 
effect  of  micromolar  amounts  of  hydrogen  perox¬ 
ide  and  mitomycin  C  in  HeLa  and  Jurkat  cells 
[14].  Reagents  leading  to  the  generation  of 
superoxide,  nitrous  oxide,  singlet  oxygen  and 
hypochlorite  fail  to  activate,  suggesting  that  NF- 
kB  is  a  peroxide-inducible  transcription  factor, 
similar  to  the  bacterial  oxyR  protein.  Many  of 
the  different  inducers  of  NF-kB  were  shown  to 
increase  the  cellular  production  of  hydrogen 
peroxide.  These  include  TNF,  IL-1,  LPS,  UV-A, 
y-rays  and  okadaic  acid,  as  measured  by  electron 
spin  resonance  techniques,  the  determination  of 
lipid  peroxidation  products,  the  depletion  of 
glutathione  levels  or  chemoluminescent  methods. 
The  generation  of  hydrogen  peroxide  (or  sec¬ 
ondary  ROIs)  is  common  to  most  (if  not  all) 
inducers  of  NF-/cB,  because  the  inducing  effects 
of  TNF,  IL-1,  phorbol  ester,  5  viral  transactivator 
proteins,  muramyl  peptides,  LPS,  y-rays,  UV-A, 
leukotriene  B4  and  double-stranded  RNA  could 
be  efficiently  blocked  by  antioxidative  com¬ 
pounds.  The  fact  that  all  these  different  inducers 
are  inhibited  by  antioxidants  indicates  that  the 
generation  of  hydrogen  peroxide  may  be  a  rela¬ 
tively  late  event  in  the  signalling  cascade  activat¬ 
ing  NF-kB.  It  is  currently  not  clear  by  which 
enzymes  the  ROIs  are  produced.  Candidates  are 
plasma  membrane-associated  NADPH-oxidases, 
xanthine  oxidase,  glucose  oxidase  and  enzymes 
involved  in  arachidonic  acid  metabolism.  In  the 
case  of  TNF  it  was  shown  that  the  NF-/cB-ac- 
tivating  and  cytotoxic  effect  relies  on  the  pro¬ 
duction  of  ROIs  generated  in  the  mitochon¬ 
dria  [15].  The  electron  transport  inhibitors 
amytal  and  rotenone  prevented  NF-/cB  activa¬ 
tion  and  blocked  cell  killing  by  TNF.  Cells 
depleted  of  mitochondria  by  treatment  with 
ethidium  bromide  were  found  to  be  insensitive 
to  the  cytotoxic  and  NF-/cB-activating  effect  of 
TNF. 

How  can  hydrogen  peroxide  activate  NF-kB? 
Various  kinases  and  phosphatases  are  known  to 
be  regulated  in  their  activity  by  the  redox  status 
of  the  cell  but  the  next  known  step  in  the 


410 


M.  Limhard  Schmitz  t  Toxicology  Letters  S2/S7  ( 1 995 )  407-4! ! 


activation  cascade  of  NF~kB  is  the  phosphoryla¬ 
tion  of  I/rB. 

3.2.  The  role  of  kinases  and  phosphatases 
Direct  phosphorylation  of  I/cB  is  evident  from 
the  induction  of  a  more  slowly  migrating  I/cB 
variant  in  SDS-gels  in  response  to  stimulation  of 
cells  with  PMA,  TNF,  IL-1  and  LPS.  Treatment 
of  extracts  with  phosphatases  converts  the  faster 
migrating  form  of  I/cB  into  the  more  slowly 
migrating  form.  Stimulation  of  HeLa  cells  which 
are  metabolically  labelled  with  32P  and  sub¬ 
sequent  immunoprecipitation  with  a-I/cB  anti¬ 
bodies  revealed  an  increase  in  the  phosphoryla¬ 
tion  of  the  constitutively  phosphorylated  I/cB-a 
molecule.  The  analysis  of  I/<B  point  mutants 
identified  the  serine  residues  at  positions  32  and 
36  to  be  the  the  targets  for  the  inducible  phos¬ 
phorylation  [16-18].  These  2  serines  can  be 
potentially  phosphorylated  by  casein  kinase  II, 
but  the  kinase  (or  phosphatase)  directly  acting  on 
IkB  still  awaits  its  identification.  There  are 
several  candidate  kinases  that  may  be  involved  in 
the  activation  of  NF-/cB.  UV-induced  transcrip¬ 
tional  activation  of  the  NF-/cB-dependent  HIV- 
LTR  was  inhibited  by  overexpressed  dominant 
negative  forms  of  v-src ,  Ha -ras  and  raf-1  kinase 
and  activated  by  \-src.  Accordingly,  tyrosine 
kinase  inhibitors  such  as  AG213,  herbimycin  A 
and  tyrphostin  47  impaired  the  inducibility  of 
NF-kB.  The  importance  of  ha-Ras  and  Raf-1  for 
NF-kB  activation  is  supported  by  several  other 
reports.  Biochemical  studies  identified  a  ^PKC- 
associated  kinase  to  be  an  important  member  of 
the  signalling  cascade  leading  to  the  phosphoryl¬ 
ation  of  I/cB-tt.  This  I/cB-kinase  was  suggested  to 
have  a  molecular  weight  of  approximately  50 
kDa  as  predicted  by  in-gel-kinase  assays.  The 
analysis  of  transcriptional  effects  of  transdomin¬ 
ant  mutants  suggests  a  stimulating  role  of  the 
double-stranded  RNA-dependent  protein  kinase 
on  /cB-dependent  gene  expression.  However,  this 
kinase  is  only  required  for  activation  of  NF-/cB 
by  double  stranded  RNA,  while  activation  by 
TNF-a  does  not.  The  activation  of  NF-kB  by 
anti  CD28  antibodies  involves  the  rapamycin- 
sensitive  p70  S6  kinase  pathway.  But  also  phos¬ 
phatases  may  be  of  importance  for  NF-kB  acti¬ 


vation,  because  a  constitutively  active  form  of 
the  phosphatase  calcineurin  activates  NF-/cB  in 
synergy  with  phorbol  ester  by  inactivating  I/cB. 

As  seen  in  co-immunoprecipitation  assays  the 
newly  phosphorylated  form  of  I/cB  is  found  still 
attached  to  both  DNA-binding  subunits.  The 
phosphorylation  of  I/cB  tags  it  for  its  proteolytic 
degradation.  The  involvement  of  the  proteasome 
in  the  degradation  of  IkB  is  evident  from  studies 
employing  specific  membrane-permeable  peptide 
inhibitors  of  the  chymotrypsin-like  subunit  of  the 
proteasome,  which  can  significantly  increase  the 
half-life  of  I/cB-a  after  stimulation  of  cells  [7,19]. 
The  different  signal  transduction  pathways  lead¬ 
ing  to  the  activation  of  NF-/cB  are  schematically 
displayed  in  Fig.  1. 


Granulocytes 


Fig.  1.  Schematic  representation  of  activation  pathways  for 
NF-kB.  B7-1.  B-cell  activation  antigen  7-1;  COX.  cyclo¬ 
oxygenase:  DCF  3.4  dichloroisocoumarin:  dsRNA,  double 
stranded  RNA:  D1  T,  dithiot hreitol;  ER,  endoplasmatic  re¬ 
ticulum:  55 kDa,  55  kDa  TNF  receptor;  LOX.  lipoxygenase: 
Mito,  mitochondrion:  PDTC,  pyrrolidinedithiocarbamate: 
PKR,  double-stranded  RNA-dependent  protein  kinase; 
PPase,  phosphatase;  PSI,  Cbz-Ile-Glu(o-t-Bu)-Ala-Leucinal: 
S.  serines  32  and  36;  TPCK.  tosylphenylchloromethylketone; 
TyrK,  tyrosine  kinase.  For  further  details,  see  text. 
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4.  Conclusions 

The  identification  and  detailed  characteriza¬ 
tion  of  the  various  steps  of  NF-kB  activation  will 
allow  the  development  of  new  drugs  that  inter¬ 
fere  with  the  transcription  factor  activities.  Such 
drugs  will  find  application  for  treatment  of  fatal 
acute  syndromes  involving  abberant  expression 
of  inflammatory  cytokines,  such  as  toxic /septic 
shock,  systemic  inflammatory  response  syndrome 
(SIRS)  and  acute  respiratory  distress  syndrome 
(ARDS).  They  may  also  be  beneficial  in  the 
treatment  of  chronic  inflammatory  diseases  in¬ 
cluding  Crohn‘s  disease,  rheumatoid  arthritis  and 
multiple  sclerosis. 
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Abstract 

Inducibility  of  oxidative  stress  by  menadione-associated  redox  cycling  activation  under  redox-enzyme  modulated 
conditions  was  examined  in  F344  male  rat  liver,  by  monitoring  8-hydroxydeoxyguanosine  (8-OHdG)  levels  in  DNA 
and  hepatocyte  injury.  Further,  the  treatment-associated  liver  tumor-initiating,  -promoting  and  -progressing 
potentials  were  assessed  in  terms  of  development  of  enzyme-altered  preneoplastic  foci,  neoplastic  nodules  and 
hepatocellular  carcinomas.  With  or  without  menadione,  redox-enzyme  modulation  consisting  of  increased  cyto¬ 
chrome  P450  reductase  by  phenobarbital  (PB),  depletion  of  glutathione  by  phorone,  inhibition  of  DT-diaphorase 
by  dicumarol,  with  or  without  further  supplement  of  iron,  caused  both  8-OHdG  production  and  hepatocyte 
necrosis.  Thus-induced  oxidative  stress  exerted  liver  tumor  promoting-activity  in  A-nitrosodiethylamine  (DENA)- 
initiated  rats,  but  neither  initiating  activity  when  promoted  by  0.05%  PB  diet  for  64  weeks,  nor  progressing  activity 
when  the  oxidative  stress  was  given  for  33  weeks  to  preneoplastic  nodule-bearing  rats  which  was  induced  by 
DENA. 

Keywords:  Oxidative  stress;  8-Hydroxydeoxyguanosine;  Menadione;  Redox  enzyme;  Hepatocarcinogenesis;  Initia¬ 
tion;  Promotion;  Progression;  Rat 


1.  Introduction 

Recently,  attention  has  been  focused  on  the 
issues  of  possible  involvement  of  reactive  oxygen 
species  (ROS),  particularly  that  produced  en¬ 
dogenously,  in  the  carcinogenesis  mechanisms 
[1-4].  ROS  can  be  endogenously  produced  dur¬ 
ing  inflammation  as  well  as  aerobic  metabolism 
of  either  exogenous  or  endogenous  substances 
[5,6].  An  involvement  of  ROS  has  been  pos¬ 
tulated  in  carcinogenesis  caused  by  so-called 
non-geno toxic  carcinogens  such  as  KBr03,  ferric 
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nitrilotriacetate,  peroxisome  proliferators, 
choline-deficient  diet  and  Aroclor  +  iron-dex- 
tran,  as  well  as  in  mouse  skin  tumor  promotion 
by  phorbol  esters  [1-6].  Further,  H202  and 
benzoylperoxide  have  been  reported  to  possess 
tumor  promotion  and  progression  but  not  initia¬ 
tion  potentials  in  mouse  skin  [1-6].  Moreover,  a 
malignant  transformation  of  cultured  fibroblasts 
by  activated  neutrophils  has  been  reported  [1-6]. 

Quinones  are  known  to  produce  ROS  during 
their  metabolism  through  1-electron  reduction  by 
flavoenzymes  such  as  NADPH-cytochrome  P450 
reductase,  where  quinones  are  reduced  to  semi- 
quinone  radicals,  which  in  turn  reduce  dioxygen 
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to  superoxide  anion,  regenerating  quinones  and 
thus  activiating  redox  cycling  [7,8].  The  superox¬ 
ide  anion  produced  undergoes  dismutation  into 
H202,  and  in  the  presence  of  certain  metal  ions 
such  as  iron,  H202  and  superoxide  anion  can 
react  to  form  more  deleterious  ROS,  including 
hydroxyl  radicals.  Quinones  also  undergo  direct 
2-electron  reduction  by  DT-diaphorase  without 
producing  ROS.  An  endogenous  quinone, 
menadione,  can  induce  hepatocyte  injury  via 
oxidative  stress  in  either  isolated  or  cultured  rat 
hepatocytes  [9]. 

In  the  present  study,  we  developed  an  oxida¬ 
tive  stress-inducing  system  in  rat  liver  in  vivo  by 
adopting  the  menadione-associated  redox  cycling 
activation  under  redox-enzyme  modulation  that 
included  increased  cytochrome  P450  reductase 
by  phenobarbital  Na  (PB-Na),  depletion  of  gluta¬ 
thione  by  phorone,  inhibition  of  DT-diaphorase 
by  dicumarol  and  supplementation  of  iron  by 
EDTA  (Fe)  [10,11].  Further,  using  this  system, 
tumor  initiation,  promotion  and  progression  po¬ 
tentials  of  endogenously  induced  oxidative  stress 
were  examined  in  rat  liver. 


2.  Materials  and  methods 

2.1.  Animals  and  diets 

Fischer  344  male  rats,  6  weeks  old,  (Nihon 
SFC  Co.  Ftd,  Shizuoka,  Japan)  were  used  in  all 
the  experiments.  Each  experimental  group  con¬ 
tained  5-10  animals.  The  animals  were  main¬ 
tained  on  a  commercial  stock  diet,  Oriental  MF 
(Oriental  Yeast  Co.  Ftd.,  Tokyo,  Japan)  and 
water  ad  libitum. 

2.2.  Experimental  protocols 

2.2.1.  Redox-enzyme  modulation  treatment 
Animals  received  daily  i.p.  injections  of  PB-Na 
(100  mg/kg  body  wt.)  for  5  days,  then  received  a 
single  i.p.  injection  of  phorone  (200  mg/kg  body 
wt.),  EDTA  (Fe)  (70  mg/kg  body  wt.),  dicumarol 
(25  mg/ kg  body  wt.)  and  then  a  single  i.g. 
intubation  of  menadione  (50  mg/kg  body  wt.), 
respectively,  at  80,  100  and  120  min  after  the 


phorone  administration.  For  the  vehicle  treat¬ 
ment,  each  chemical  was  substituted  by,  respec¬ 
tively,  saline,  corn  oil,  saline,  0.825  M  Tris-HCl 
(pH  9.7)  and  olive  oil. 

2.2.2.  Induction  of  8-hydroxy deoxyguanosine  (8- 
OHdG)  and  hepatocyte  injury 

Animals  received  the  redox-enzyme  modula¬ 
tion  treatment  as  mentioned  above  twice  on  days 
6  and  7  after  the  daily  injection  of  PB-Na  for  5 
days,  and  then  were  sacrificed  4  h  after  the  final 
treatment.  Hepatocyte  injury  was  assessed  by 
serum  aspartate  aminotransferase  (AST)  and 
alanine  aminotransferase  (AFT)  levels  and  his¬ 
tological  examination.  8-OHdG  in  liver  DNA 
was  measured  using  HPLC  connected  with  EC- 
detector  as  previously  described  [10]. 

2.2.3.  Initiation  potential 

Animals  received  redox-enzyme  modulation 
twice  on  days  6  and  7  after  PB-Na  injections  as 
mentioned  above,  followed  by  2/3  partial 
hepatectomy  (PH)  4  h  after  the  last  treatment. 
After  a  2-week  recovery  period,  animals  received 
promotion  by  0.05%  PB  diet  feeding  for  64 
weeks  and  were  sacrificed.  Livers  were  examined 
histochemically,  immunohistochemically  and  his¬ 
tologically  on  the  development  of  y- 
glutamyltransferase  (GGT)-  and  glutathione  S- 
transferase  placental  form  (GST-P)-positive  pre¬ 
neoplastic  foci  and  neoplastic  nodules. 

2.2.4.  Promotion  potential 

Animals  received  initiation  by  A-nitro- 
sodiethylamine  (DENA;  200  mg/kg  body  wt., 
i.p.)  followed  by  either  redox-enzyme  modula¬ 
tion  treatment  every  other  week  as  mentioned 
above  except  daily  injection  of  PB-Na  for  3  days, 
or  0.05%  PB  diet  feeding,  for  33  weeks,  and  were 
sacrificed.  Livers  were  examined  on  the  develop¬ 
ment  of  GGT-positive  foci  and  neoplastic 
nodules. 

2.2.5.  Progression  potential 

Preneoplastic  liver  nodule-bearing  rats  which 
were  induced  by  DENA-initiation  followed  by  a 
selection  by  Cayama-Farber  procedure  [11],  re- 
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ceived  either  redox-enzyme  modulation  every 
other  week  as  mentioned  above,  or  0.05%  PB 
diet  feeding,  for  33  weeks,  and  were  sacrificed. 
Livers  were  histologically  examined  on  the  de¬ 
velopment  of  neoplastic  nodules  and  hepato¬ 
cellular  carcinomas.  Further,  the  preneoplastic 
nodule-bearing  rats  were  given  a  single  treatment 
of  redox-enzyme  modulation,  and  were  sacrificed 
24  h  later.  Livers  were  examined  for  hepatocyte 
injury. 


3.  Results 


Fig.  2.  Effects  of  redox-enzyme  modulation  on  the  induction 
of  GGT-positive  preneoplastic  foci  and  neoplastic  nodules  in 
rat  liver  promoted  by  0.05%  PB  diet  for  64  weeks. 
^Significantly  different  from  group  13  (PC  0.05). 


3.1.  Induction  of  8-OHdG  and  hepatocyte  injury  3.2.  Initiation  potential 


Results  are  shown  in  Fig.  1.  Menadione-associ¬ 
ated  redox  cycling  activation  under  redox-en¬ 
zyme  modulated  condition  by  PB-Na  + 
phorone  +  dicumarol  with  or  without  EDTA 
(Fe),  exerted  oxidative  DNA  damage,  8-OHdG 
production,  as  well  as  hepatocyte  injury  which 
was  reflected  in  the  elevated  serum  AST  and 
ALT  levels.  Histologically,  relatively  large  mass¬ 
es  of  necrotic  hepatocytes  were  seen  in  zones  2 
and  3,  and  on  the  liver  surface.  Treatment  of 
each  chemical  alone  exerted  neither  significant 
8-OHdG  production  nor  hepatocyte  injury. 
Furthermore,  PB-Na  +  phorone  4-  dicumarol 
treatment  without  menadione,  unexpectedly  ex¬ 
erted  significant  8-OHdG  production  and  hepat¬ 
ocyte  injury. 


Results  are  shown  in  Fig.  2.  When  promoted 
by  PB  diet,  menadione-associated  redox  cycling 
activation  under  redox-enzyme  modulation  by 
PB-Na  +  phorone  +  dicumarol  with  or  without 
EDTA  (Fe)  appeared  to  slightly  exert  GGT- 
positive  foci  development,  since  either  the  num¬ 
ber  of  foci  or  percentage  liver  area  occupied  by 
foci  was  slightly  but  significantly  increased  com¬ 
pared  with  the  vehicle-alone  group.  The  treat¬ 
ment,  however,  exerted  significant  increased  de¬ 
velopment  of  neither  neoplastic  nodules  nor 
GST-P-positive  foci  (data  not  shown).  Thus,  the 
treatment-associated  oxidative  stress  exerted  no 
clear  tumor  initiation  potential  under  PB  diet 
promotion. 

3.3.  Promotion  potential 


13.(vMvXv)(v){ 


Results  are  shown  in  Figs.  3  and  4.  Menadione- 
associated  redox  cycling  activation  under  redox- 
enzyme  modulation  by  PB-Na  +  phorone  + 
dicumarol  +  EDTA  (Fe)  exerted  tumor  promo¬ 
tion  potential,  with  both  GGT-positive  foci  and 
neoplastic  nodule  developments  being  signifi¬ 
cantly  increased  compared  with  vehicle-alone  as 
well  as  PB-Na-alone  groups. 

3.4.  Progression  potential 


Fig.  1.  Induction  of  8-OHdG  and  hepatocyte  injury  by  redox-  . 

enzyme  modulation  in  rat  liver.  ^Significantly  different  from  Results  are  shown  in  Fig.  5.  MenadlOne-aSSOCi- 

group  13  (P  <  0.05-0.001 ).  ated  redox  cycling  activation  under  redox-en- 
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Fig.  3.  Promotion  effects  of  redox-enzyme  modulation  on  the 
induction  of  GGT-positive  prencoplastic  foci  and  nodules  in 
rat  liver  initiated  with  DEN  A.  Significantly  different  from 
group  13  (*)  and  from  group  8  (#)  (P  <  0.05-0.001 ). 


zyme  modulation  of  PB-Na  +  phorone  +  di- 
cumarol  with  EDTA  (Fe)  exerted  no  progression 
potential  but  rather  inhibitory  effect  on  the 
evolution  of  preneoplastic  liver  nodules  into 
hepatocellular  carcinomas  and  neoplastic 
nodules,  where  number  of  neoplastic  nodules  per 
rat,  particularly  that  larger  than  5  mm  in  diam¬ 
eter,  4.6  ±  2.1  were  significantly  decreased 
compared  with  7.5  ±  3.3  in  vehicle-alone  group 
(P<0.05).  Further,  the  preneoplastic  nodules 
histologically  exhibited  rather  resistance  to  the 
induction  of  the  treatment-associated  hepatocyte 
injury. 


Neoplastic  nodules 


20  40  60  80  0 


lncidence(% 


Fig.  4.  Promotion  effects  of  redox-enzyme  modulation  on  the 
induction  of  neoplastic  nodules  in  rat  liver  initiated  with 
DENA.  Significantly  different  from  group  13  (*)  and  from 
group  8  (#)(/><  0.05). 
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Fig.  5.  Effects  of  redox-enzyme  modulation  on  the  evolution 
of  preneoplastic  nodules  into  hepatocellular  carcinomas  in  rat 
liver.  The  number  per  rat  in  group  1  was  significantly 
decreased  compared  with  group  9  (P<0.05)  but  not  with 
group  8. 


4.  Discussion 

In  the  present  study,  it  was  indicated  that 
oxidative  stress  can  be  induced  endogenously  by 
menadione-associated  redox  cycling  activation 
under  redox-enzyme  modulation  in  rat  liver  in 
vivo.  Further,  thus-induced  oxidative  DNA  dam¬ 
age  was  not  associated  with  any  clear  liver 
tumor-initiating  activity,  at  least  that  could  be 
promoted  by  PB.  In  contrast,  thus-induced  oxida¬ 
tive  stress  exerted  liver  tumor-promoting  activity, 
suggesting  that  compensatory  regeneration  fol¬ 
lowing  the  oxidative  tissue  injury  can  be  a  tumor- 
promoting  stimulus  [12].  In  this  context,  it  would 
be  worth  noting  a  report  made  by  Tennant  et  al. 
[13]  that  toxic  injury  is  not  always  associated  with 
induction  of  chemical  carcinogenesis.  On  the 
other  hand,  thus-induced  oxidative  stress  exerted 
no  liver  tumor  progression  potential,  probably 
partly  due  to  resistance  of  the  preneoplastic  liver 
nodules  induced  by  the  Cayama-Farber  proce¬ 
dure,  against  the  induction  of  oxidative  stress 
caused  by  the  present  treatment,  suggesting  that 
progressing  potential  of  oxidative  stress,  if  any, 
might  depend  upon  not  only  the  oxidative  stress- 
inducing  procedure  but  also  the  natural  history 
of  the  nodule  development  during  which  the 
nodules  should  have  acquired  either  resistance  or 
adaptation. 

In  conclusion,  it  was  suggested  that  oxidative 
stress  induced  endogenously  by  redox-enzyme 
modulation  can  be  a  tumor-promoting  stimulus. 


A.  Denda  et  al.  i  Toxicology  Letters  82/83  (1995)  413-417 


417 


References 

[1]  Cerutti,  P.A.  (1985)  Pro-oxidant  states  and  tumor  pro¬ 
motion.  Science  227,  375-381. 

[2]  Ames,  B.N.  (1983)  Dietary  carcinogens  and  anticar¬ 
cinogens.  Oxygen  radicals  and  degenerative  diseases. 
Science  221,  1256-1264. 

[3]  Clayson,  D.B.,  Mehta,  R.  and  Iverson,  F.  (1994)  Oxida¬ 
tive  DNA  damage  -  the  effects  of  certain  genotoxic  and 
operationally  non-genotoxic  carcinogens.  Mutat.  Res. 
317,  25-42. 

[4]  Floyd,  R.A.  (1990)  The  role  of  8-hydroxyguanine  in 
carcinogenesis.  Carcinogenesis  11,  1447-1450. 

[5]  Halliwell,  B.  and  Aruoma,  O.  (1991)  DNA  damage  by 
oxygen-derived  species.  Its  mechanism  and  measure¬ 
ment  in  mammalian  system.  FEBS  Lett.  281,  9-19. 

[6]  Frenkel,  K.  (1992)  Carcinogen-mediated  oxidant  forma¬ 
tion  and  oxidative  DNA  damage.  Pharmacol.  Ther.  53, 
127-166. 

[7]  Lind,  C.,  Hochstein,  P.  and  Ernster,  L.  (1982)  DT- 
diapnorase  as  a  quinone  reductase:  a  cellular  control 
device  against  semiquinone  and  superoxide  radical  for¬ 
mation.  Arch.  Biochem.  Biophys.  216,  178-185. 

[8]  Kappus,  H.  and  Sies,  H.  (1981)  Toxic  drug  effects 
associated  with  oxygen  metabolism:  redox  cycling  and 
lipid  peroxidation.  Experientia  37,  1233-1358. 


[9]  Thor,  H.,  Smith,  M.T.,  Hartzell,  P.,  Bellomo,  G.,  Jewell, 
S.A.  and  Orrenius,  S.  (1982)  The  metabolism  of 
menadione  (2-methyl-l, 4-naphthoquinone)  by  isolated 
hepatocytes.  J.  Biol.  Chem.  257,  12419-12425. 

[10]  Denda,  A.,  Sai,  K.,  Tang,  Q.,  Tsujiuchi,  T.,  Tsutsumi,  M., 
Amanuma,  T.,  Murata,  Y.,  Nakae,  D.,  Maruyama,  H., 
Kurokawa,  Y.  and  Konishi,  Y.  (1991)  Induction  of  8- 
hydroxydeoxyguanosine  but  not  initiation  of  carcino¬ 
genesis  by  redox  enzyme  modulations  with  or  without 
menadione  in  rat  liver.  Carcinogenesis  12,  719-726. 

[11]  Denda,  A.,  Tang,  Q.,  Tsujiuchi,  T.,  Tsutsumi,  M., 
Amanuma,  T.,  Murata,  Y.,  Tamura,  K.,  Horiguchi,  K., 
Nakae,  D.  and  Konishi,  Y.  (1993)  Effects  of  oxidative 
stress  induced  by  redox-enzyme  modulation  on  the 
progression  stage  of  rat  hepatocarcinogenesis.  Carcino¬ 
genesis  14,  95-101. 

[12]  Ames,  B.N.  and  Gold,  L.S.  (1991)  Endogenous 
mutagens  and  the  cause  of  aging  and  cancer.  Mutat.  Res. 
250,  3-16. 

[13]  Tennant,  R.W.,  Elwell,  M.,  Spalding,  J.W.  and 
Griesemer,  R.A.  (1991)  Evidence  that  toxic  injury  is  not 
always  associated  with  induction  of  chemical  carcino¬ 
genesis.  Mol.  Carcinogenesis  4,  420-440. 


ELSEVIER 


Toxicology  Letters  82/83  (1995)  419-424 


Toxicology 

Letters 


Antisense  phosphorothioate  oligodeoxynucleotides: 
introductory  concepts  and  possible  molecular  mechanisms  of 

toxicity 


Gerald  Zon 

Lynx  Therapeutics,  Inc.,  3832  Bay  Center  Place,  Hayward,  CA  94545 ,  USA 


Abstract 

Over  the  past  5  years  or  so,  much  attention  has  been  given  to  the  possible  use  of  synthetic  antisense 
oligonucleotide  analogs  as  a  new  class  of  therapeutic  agents  that  function  by  sequence-specific  inhibition  of  genetic 
expression.  The  basic  design  concepts  which  underline  this  novel  approach  to  drug  discovery  are  briefly  described 
herein,  together  with  some  of  the  chemical,  biochemical,  and  pharmacological  aspects  of  phosphorothioate 
oligodeoxynucleotides  that  are  first-generation  antisense  compounds  now  under  clinical  investigation.  Possible 
molecular  mechanisms  of  toxicity  for  this  class,  and  other  structural  types  of  antisense  compounds  are  discussed 
with  the  hope  of  stimulating  interest  in  future  toxicological  studies  in  this  emerging  area  of  drug  development. 

Keywords:  Antisense;  Phosphorothioate;  Oligodeoxynucleotides;  Inhibitors  of  genetic  expression;  Molecular 
mechanisms  of  toxicity 


1.  Introduction 

Research  employing  antisense  oligonucleotides 
has  rapidly  led  to  a  number  of  reviews  and 
comprehensive  edited  books  on  this  subject  [1- 
4],  which  should  be  consulted  to  obtain  a  com¬ 
plete  picture  of  the  current  scope  and  directions 
of  this  new  investigative  field.  What  follows  is  a 
very  brief  introductory  overview  and  then  short 
synopses  of  some  of  the  current  clinical  trials  and 
possible  molecular  mechanisms  of  toxicity  that 
warrant  attention. 

Drug  design  through  control  of  genetic  expres¬ 
sion  by  means  of  an  ‘antisense  oligonucleotide’ 
refers  to  use  of  synthetic  oligonucleotides  or 
functional  analogs  thereof  to  bind  in  a  sequence- 


specific  manner  to  preselected  RNA  ‘targets’  and 
thus  block  translation  of  the  corresponding  pro¬ 
tein.  The  underlying  physicochemical  principle 
for  this  interception  process  is  hydrogen  bonding 
of  the  type  first  described  in  the  1950s  by  Watson 
and  Crick  for  A  •  T  and  G  •  C  basepairs  in  com¬ 
plementary  nucleic  acid  sequences  with  an¬ 
tiparallel  orientation  (Fig.  1).  The  ‘sense’  or 
coding  strand  of  a  gene  by  definition  gives  rise  to 
the  complementary  ‘sense’  RNA  sequence  that  is 
in  turn  translated  into  the  protein  encoded  by 
that  particular  gene.  Consequently,  interception 
of  sense  RNA  requires  use  of  the  complemen¬ 
tary,  or  by  definition,  ‘antisense’  oligonucleotide 
sequence.  These  sense  and  antisense  relation¬ 
ships  are  depicted  in  Fig.  1  for  interception  of 
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D\'A  Gene 


5'  ...AGCTCTATG  ...3' 

3'  ...TCGAGATAC  "sense"  ending  strand 


transcription 


RNA/mRNA  5'  ...AGCUCUAUG  ...3'  "sense"  transcript 


Fig.  1.  Schematic  representation  of  the  mechanism  of  action 
for  sequence-specific  inhibition  of  genetic  expression  by  use 
of  an  ‘antisense1  oligodeoxynucleotide  to  hybridize  to  the 
reverse  complementary  sequence  of  mRNA  encoded  by  the 
‘sense’  strand  of  DNA,  and  thus  form  a  complex  which 
prevents  translation  of  a  pre-selected  protein  and/or  leads  to 
cleavage  of  the  mRNA  strand  by  RNase  H. 


sense  RNA  by  an  oligodeoxynucleotide  antisense 
agent.  A  conceptually  similar  but  technically 
different  approach  uses  vector-encoded,  endoge¬ 
nously  expressed  antisense  RNA  transcripts.  A 
deoxy  or  DNA-like  antisense  oligonucleotide 
offers  the  potential  advantage  of  cleavage  of  the 
sense  RNA  target  by  RNase  H  and,  hence, 
theoretically  more  effective  inhibition  than  that 
achievable  by  either  endogenously  expressed 
RNA  or  an  exogenous  synthetic  RNA-like  oligo¬ 
mer,  both  of  which  can  form  a  complex  with 
target  RNA  but  are  not  cut  by  RNase  H.  In  this 
regard,  it  is  worth  noting  that  only  certain  struc¬ 
turally  modified  oligodeoxynucleotide  analogs,  as 
mentioned  below,  retain  sufficient  resemblance 
to  DNA  to  allow  formation  of  a  complex  with 
target  RNA  that  is  a  substrate  for  RNase  H. 

In  principle,  this  interception  process  may 
involve  targeting  either  unspliced  RNA  in  the 
nucleus  or  spliced  mRNA  in  the  cytoplasm. 
Although  any  RNA  or  mRNA  sequence  can  in 


theory  be  targeted,  it  is  expected  a  priori  (and 
found  experimentally)  that  only  certain  target 
RNA  sequences  allow  for  successful  interception 
by  the  antisense  oligonucleotide.  RNAs  have 
complex  secondary  and  tertiary  structures  that 
make  many  sequences  unavailable  for  binding 
owing  to  their  involvement,  through  hydrogen 
bonding,  in  either  basepaired  ‘stem’  structures  or 
some  other  intramolecular  structural  element. 
Additional  interference  with  target  interception 
presumably  arises  from  proteins  that  are  bound 
to  RNA  and  thus  prevent  its  coming  into  contact 
with  an  antisense  agent. 


2.  Hybridization  to  target  RNA  and  cross¬ 
hybridization  to  non-target  RNA 

The  binding  of  antisense  oligonucleotide  to 
RNA  that  is  achievable  theoretically  is  dictated 
by  the  laws  of  thermodynamics  for  molecular 
systems  under  equilibrium  conditions,  such  as 
those  which  are  operative  during  the  use  of 
synthetic  oligodeoxynucleotides  as  hybridization 
probes,  sequencing  primers,  or  PCR  primers, 
which  are  now  commonly  employed  techniques. 
The  specificity  of  antisense  oligonucleotide  hy¬ 
bridization  with  target  RNA  versus  one  or  more 
non-target  RNAs  is  related  to  the  efficacy  and, 
possibly,  the  toxicity  of  the  antisense  agent  to  the 
extent  that  the  former  event  triggers  the  in¬ 
tended  inhibition  of  expression  while  the  latter 
event(s)  block  expression  of  non-target  gene 
products.  While  the  consequences  of  this  block¬ 
ing  of  non-target  protein  synthesis  are  unpredict¬ 
able,  statistics  and  the  physical  chemistry  of 
nucleic  acids  allow  one  to  make  the  following 
general  (albeit  oversimplified)  assessments. 

An  approximately  13-mer  antisense  oligonu¬ 
cleotide  has,  from  a  statistical  viewpoint, 
adequate  sequence  ‘information’  to  uniquely 
bind  to  a  given  target  RNA  in  a  ‘background’  of 
all  other  expressed  RNAs,  although  most  studies 
generally  employ  18-  to  21-mers  by  analogy  to 
what  is  commonly  used  for  probes  and  primers. 
Although  these  and  even  longer  oligonucleotides 
offer  statistically  greater  probability  of  unique 
hybridization  to  the  particular  target  RNA,  as 
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well  as  tighter  binding  that  could  lead  to  in¬ 
creased  efficacy,  thermodynamic  equilibrium 
may  actually  not  be  achievable  in  cells,  wherein 
the  kinetics  of  binding  may  instead  dominate. 
Hybridization  conditions  for  use  of  probes  and 
primers  can  generally  be  optimized  by  adjusting 
temperature,  salt  concentration,  and  the  ratio  of 
probe  or  primer  to  target.  By  contrast,  the 
conditional  specificity  for  hybridization  of  an¬ 
tisense  oligonucleotides  in  cells  can  only  be 
controlled  by  decreasing  the  concentration  of  the 
antisense  agent  and/or  shortening  its  chainlength 
to  decrease  the  binding  affinity  and  thereby 
giving  up,  statistically,  target-sequence  unique¬ 
ness  relative  to  ‘background’  RNAs.  Even  with 
shortening  of  the  antisense  oligonucleotide  there 
will  most  likely  be  some  degree  of  cross-hybridi¬ 
zation  to  non-target  RNAs  that  have  partially 
complementary  sequences  characterized  by  1,  2, 
etc.  mismatched  basepairs.  These  partially  com¬ 
plementary  complexes  with  non-target  RNA  are 
less  stable  than  the  fully  complementary  complex 
with  target  RNA,  but  they  may  nevertheless 
form  under  physiological  conditions,  especially  at 
high  concentrations  of  antisense  oligonucleotide. 
Consequently,  all  antisense  oligonucleotides  can 
be  expected  to  show  more  of  the  resultant 
hybridization-based  toxicities  as  concentrations 
of  the  antisense  agent  are  increased. 

Because  of  these  complexities  in  biochemically 
dynamic  living  cells,  and  in  view  of  the  above 
mentioned  inability  to  reliably  predict  which 
RNA  sequences  will  be  both  accessible  and 
mechanistically  productive  when  complexed  with 
an  intended  antisense  agent,  the  design  and  use 
of  antisense  oligonucleotides  is  largely  an  empiri¬ 
cal  process  with  few  if  any  proven  rules  at  this 
time.  On  the  other  hand,  most  antisense  reports 
have  used  15-  to  24-mers  targeted  to  the  transla¬ 
tion  start  site  that  is  assumed  to  be  relatively 
open  to  hybridization.  This  empiricism  also  ap¬ 
plies  to  sequence  changes  to  reduce  unwanted 
toxicities  that  derive  from  hybridization  to  non¬ 
target  RNAs.  Consequently,  unlike  small  mole¬ 
cules,  the  antisense  drug  design  approach  easily 
allows  one  to  empirically  change  sequence  in  an 
attempt  to  maintain  efficacy  but  eliminate  hy¬ 
bridization-based  toxicity. 


3.  Properties  of  antisense  analogs  and  efficacy 
of  phosphorothioates 

A  presumptive  cardinal  feature  of  any  an¬ 
tisense  drug  is  that  it  has  adequate  resistance  to 
degradation  by  exo-  and  endonucleases  that  are 
ubiquitous  in  serum  and  cells.  This  was  recog¬ 
nized  by  Zamecnik  and  Stephenson  in  their 
seminal  studies  [5]  with  Rous  sarcoma  virus  on 
the  antisense  approach  which  investigated 
protection  of  an  antiviral  oligodeoxynucleotide 
by  use  of  3', 5 '-terminal  modification  as  an  iso¬ 
urea  derivative.  There  are  now  available  many 
types  of  3'  and  5'  modifications  reported  to 
afford  some  degree  of  protection  against  degra¬ 
dation  of  native  phosphodiester  linkages  (Fig.  2, 
X  =  0~)  by  3'  (primarily)  and  5'  exonucleases. 
However,  recent  evidence  [6]  for  endonuclease 
activity  suggests  that  more  extensive,  if  not 
complete,  modification  of  an  antisense  oligonu¬ 
cleotide  analog  may  be  required.  Fully-modified 
antisense  agents  were  originally  studied  by 
Jayaraman  et  al.  [7],  who  pioneered  the  use  of 
oligodeoxynucleotide  methylphosphonate  ana¬ 
logs  (Fig.  2,  X  =  CH3),  which  also  allowed  in¬ 
vestigation  of  nonionic,  relatively  hydrophobic, 
antisense  agents  that  were  envisaged  by  these 
researchers  as  having  the  potential  for  passive 
uptake  into  cells  by  penetrating  the  lipid  bilayer 


phosphodiester,  X  =  O'  N3'->P5'  phosphoramidate 

methylphosphonate,  X  =  CH, 

phosphorothioate,  X  =  S' 

Fig.  2.  Schematic  structures  of  the  generalized  repeating  unit 
of  oligodeoxynucleotide  with  either  phosphodiester  (X  = 
O”),  methylphosphonate  (X=  CH3),  phosphorothioate  (X  = 
S-),  or  phosphoramidate  linkages. 
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of  outer  membranes.  However,  recent  results 
indicate  that  this  potential  advantage  and  uptake 
mechanism  are  not  operative  [8]. 

Shortly  following  these  early  studies  by 
Zamecnik  and  Stephenson  and  Jayaraman  et  al., 
several  reports  [9-11]  appeared  on  the  use  of 
phosphorothioate  oligodeoxynucleotide  analogs 
(Fig.  2,  X  =  S  ).  Subsequently,  a  large  number  of 
other  types  of  possible  antisense  structures  have 
been  investigated.  2'-Deoxy-  and  ribooligonu- 
cleotide  analogs  with  either  phosphate  modifica¬ 
tions  or  non-phosphate  linkages,  2'-0-alkyl  ana¬ 
logs,  a-anomers  and  many  more  have  been 
reviewed  elsewhere  [1-4].  A  very  promising  class 
of  second-generation  antisense  agents  are  the 
N3'  -»  P5'  phosphoramidates  (Fig.  2)  reported 
by  Gryaznov  et  al.  [12]. 

That  there  is  significant  uptake  of  antisense 
phosphorothioate  oligodeoxynucleotides  by  cells 
was  initially  viewed  by  many  with  surprise;  how¬ 
ever,  it  is  now  widely  accepted  that,  based  on 
observed  efficacy  versus  sequence-controls,  func¬ 
tionally  adequate  cellular  uptake  does  take  place, 
at  least  in  those  particular  systems.  What  is  not 
currently  understood  are  the  mechanistic  details 
for  either  the  internalization  or  intracellular 
trafficking  processes.  Oligonucleotide  uptake  and 
distribution  are  well  beyond  the  scope  of  the 
present  overview,  and  have  been  recently  re¬ 
viewed  [13-15]. 

Also  available  are  recent  reviews  [16,17]  that 
compile  references  to  over  60  publications 
through  1994  focusing  on  the  control  of  genetic 
expression  in  cell  culture  using  antisense  phos¬ 


phorothioate  oligonucleotides,  many  of  which 
are  related  to  drug  discovery.  One  of  these 
reviews  [17]  also  provides  references  to  over  20 
reports  through  1994  of  in  vivo  studies  of  in¬ 
tended  antisense  phosphorothioate  agents  in 
mice,  rats,  and  pigs,  as  well  as  chick  embryos, 
ducks,  and  even  goldfish!  To  complement  this 
promising  in  vivo  information,  there  are  also 
recent  reviews  [18,19]  and  up-to-date  reports 
[20,21]  on  the  pharmacokinetics  and  primary 
metabolism  (i.e.  nuclease-mediated  degradation) 
of  phosphorothioate  oligodeoxynucleotides.  The 
current  consensus  for  the  pharmacokinetics  of 
phosphorothioate  oligodeoxynucleotides  involves 
biphasic  clearance  from  plasma  (t;%  ~  10  min 
and  tf/?~24  h)  with  slow  elimination  in  urine 
(t1/2  ~  24  h). 

4.  Human  clinical  trials  with  antisense 
phosphorothioate  oligodeoxynucleotides 

All  of  the  current  clinical  trials  with  antisense 
agents  as  investigational  new  drugs  are  being 
conducted  with  fully  phosphorothioated  oligo¬ 
deoxynucleotides  and  are  listed  in  Table  1.  Al¬ 
though  it  is  too  early  to  draw  conclusions  regard¬ 
ing  efficacy  of  these  investigational  new  drugs  for 
treatment  of  the  indicated  diseases,  unpublished 
results  (P.  Iversen,  personal  communication) 
from  a  study  involving  continuous  i.v.  infusion 
have  shown  that  administration  of  a  phosphoro¬ 
thioate  analog  targeted  to  p53  mRNA  at  doses 
up  to  0.25  mg/kg/h  for  10  days  is  well-tolerated 


Table  1 


Human  clinical  trials  with  antisense  phosphorothioates 


Disease 

Gene  target 

Status 

Investigalor(s) 

Acute  myelogenous  leukemia  (systemic  infu¬ 
sion) 

P53 

Phase  I 

University  of  Nebraska  Medical  Center/ Lynx 

Acute  myelogenous  leukemia  (marrow  purge) 

P53 

Phase 

University  of  Nebraska  Medical  Center/ Lvnx 

Chronic  myelogenous  leukemia  (marrow 
purge) 

c-tnyb 

Phase  I 

University  of  Pennsylvania  Cancer  Center/ 
Lvnx 

Chronic  myelogenous  leukemia  (systemic  infu¬ 
sion) 

c -myb 

Phase  I 

University  of  Pennsylvania  Cancer  Center/ 
Lvnx 

Genital  warts  (local  application) 

HPV 

Phase  II 

Isis 

AIDS-related  retinitis  (intraocular) 

CMV 

Phase  I 

Isis 

AIDS  (subcutaneous  infusion) 

HIV 

Phase  I 

Hvbridon 

Restenosis  following  balloon  angioplasty 

c-rnyc 

Phase  I 

Various  investigators  in  Argentina/Lynx 
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by  patients  with  either  acute  myelogenous 
leukemia  or  myelodysplastic  syndrome.  For  a 
75-kg  patient,  this  infusion  rate  translates  to  4.5  g 
of  the  investigational  antisense  agent,  much  of 
which  is  slowly  excreted  and  low-levels  (—0.5 
,itM)  of  which  are  maintained  in  blood  plasma. 

5.  Possible  molecular  mechanisms  of  toxicity  of 
antisense  oligonucleotide  analogs 

Already  mentioned  is  hybridization  of  the 
antisense  oligonucleotide  analog  to  a  fully  or 
partially  complementary  sequence  present  in 
non-target  RNA.  This  is  obviously  a  sequence- 
dependent  process  and,  hence,  in  principle  is 
avoidable  by  changing  sequence  to  maintain 
efficacy  but  lessen  toxicity. 

Similar  comments  apply  to  inadvertent  hybrid¬ 
ization  of  the  antisense  oligonucleotide  analog  to 
DNA  by  duplex  (or  triplex  [1])  formation,  which 
blocks  either  expression  or  binding  of  a  tran¬ 
scription  factor. 

Much  more  problematic  is  toxicity  arising  from 
sequence-independent  binding  of  the  antisense 
oligonucleotide  analog  to  key  structural  proteins, 
enzymes,  receptors,  or  growth  factors  via  bond¬ 
ing  (ionic  or  hydrophobic)  to  the  modified  back¬ 
bone  of  the  antisense  oligonucleotide  analog, 
inasmuch  as  this  is  an  inherent  property  of  the 
antisense  agent.  In  this  instance  the  resultant 
toxicity  is  not  avoidable  by  changing  sequence 
and  therefore  would  necessitate  a  change  in 
backbone  or  use  in  an  alternative  clinical  indica¬ 
tion,  or  an  alternative  mode  of  delivery,  or  use  of 
compensatory  drug  treatment.  An  example  of  a 
toxicity  that  is  avoided  by  use  of  an  alternative 
mode  of  delivery  is  hypotension  reported  [22]  for 
rapid  (bolus)  i.v.  administration  of  phosphoro- 
thioate  oligodeoxynucleotides  that  is  completely 
avoidable  by  use  of  slow  (continuous)  i.v.  ad¬ 
ministration.  Another  example  is  chelation  of 
metal  ions  by  phosphorothioate  oligodeoxynu¬ 
cleotides  (P.  Iversen,  personal  communication), 
which  might  be  ameliorated  by  supplementation 
through  co-infusion  of  appropriate  salts. 

Another  possible  toxicity  may  derive  from 
nuclease  degradation  to  nucleotide  5'  thiophos- 


phates  that  can,  in  principle,  be  converted  to  5' 
triphosphates  and  thus  lead  to  de  novo  bio¬ 
synthesis  of  genomic  DNA  having  a  low  level  of 
potentially  mutagenic  phosphorothioate  linkages. 
Alternatively,  the  nucleotide  5'  thiophosphates 
may  function  as  antimetabolites  that  produce 
toxic  side-effects. 

Clearly,  there  are  many  novel  and  interesting 
toxicology  issues  to  investigate,  as  well  as  reg¬ 
ulate  from  an  FDA  perspective  [23].  The  chal¬ 
lenges  to  do  so  are  being  addressed,  and  will 
undoubtedly  stimulate  further  successful  efforts 
in  this  emerging  area  of  drug  development. 
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Abstract 

Phosphorothioate  oligonucleotides  (PS-ODN)  designed  to  temporarily  modulate  selected  gene  expression  have 
made  the  journey  from  bench  top  to  bedside  in  a  remarkably  short  period  of  time.  A  PS-ODN  with  sequence 
complementary  to  the  p53  mRNA  was  administered  to  mice  (4 mg/kg  subcutaneously),  rats  (3-300  mg/kg 
intravenously),  monkeys  (intravenous  infusions  for  up  to  15  days)  and  humans  (up  to  0.25mg/kg/h  intravenous 
infusions  for  10  days).  These  studies  demonstrate  the  PS-ODN  provides  feasible  pharmacokinetic  parameters  and 
minimal  toxicity. 

Keywords:  Phosphorothioate  oligonucleotides;  Preclinical  pharmacology;  DNA  damage;  p53  mRNA;  Gene-specific 
therapeutics 


1.  Introduction 

Interruption  of  gene  expression,  either  tempo¬ 
rarily  or  permanently,  for  the  purpose  of 
modulating  an  unwanted  cellular  activity  is  the 
rationale  for  gene-specific  therapeutics.  An  an¬ 
tisense  approach  in  which  a  nuclease  resistant, 
synthetic,  single-stranded  DNA  with  nucleic  acid 
sequence  complementary  to  a  selected  target 
mRNA  is  being  viewed  with  increasing  accept¬ 
ance  as  a  model  of  gene-specific  therapeutics. 
Many  reports  in  the  literature  demonstrate  the 
utility  of  the  antisense  approach  in  cell  culture 
and  in  vivo.  However,  studies  of  the  potential 
toxicity  of  oligodeoxyribonucleotides  are  few  and 
restricted  to  modest  exposures  in  limited  num- 
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bers  of  animal  species.  The  purpose  of  this  report 
is  to  describe  the  pharmacokinetic  behavior  and 
observed  toxicity  of  a  phosphorothioate  oligo¬ 
nucleotide  with  sequence  antisense  to  p53 
mRNA. 

New  therapeutic  agents  for  treatment  of  acute 
myelogenous  leukemia  (AML)  must  be  identified 
that  are  capable  of  enhanced  remission  rates, 
diminished  treatment-related  mortality  or  that 
can  achieve  remissions  in  refractory  patients. 
p53,  a  tumor  suppressor  protein,  is  a  DNA- 
damage  responsive  protein.  The  expression  of 
p53  protein  is  augmented  in  response  to  several 
DNA  damaging  agents  including  radiation, 
mitomycin  C  and  hydrogen  peroxide  [1-7]. 
Agents  that  do  not  directly  damage  DNA,  such 
as  the  antimetabolite  cytosine  arabinoside,  do 
not  induce  p53  protein  [2].  Halogenated  pyrimi- 
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dines,  used  as  radiosensitizers  to  produce  direct 
DNA  damage  in  the  presence  of  ionizing  radia¬ 
tion,  cause  the  induction  of  GADD45,  a  down¬ 
stream  effector  of  p53  [8].  Hence,  p53  mediates 
important  consequences  of  DNA  damaging 
agents  including  arrest  in  the  cell  cycle  at  Gl/S 
and/or  programmed  cell  death  [9-11]  (see  Fig 
1). 

Cell  cycle  checkpoints  are  essential  for  main¬ 
taining  genomic  integrity  [12,13].  At  least  some 
of  these  signal  transduction  pathways,  which 
arrest  cells  in  Gl/S  and  G2/M  phases  of  the  cell 
cycle  in  response  to  DNA  damage,  allow  repair 
of  DNA  [12,13],  preventing  the  transfer  of  herit¬ 
able  mutations  and  disallowing  the  segregation  of 
damaged  chromosomes  [12,13].  Recently,  p53 
has  been  determined  to  be  in  the  G1  arrest 
pathway  induced  by  DNA-damaging  agents 
[2,3,14].  Cells  lacking  p53  or  cells  containing 
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dominant  negative  forms  of  p53  do  not  arrest  in 
G1  phase  of  the  cell  cycle  in  response  to  ionizing 
radiation  [3].  In  addition,  restoration  of  wild-type 
p53  into  p53-negative  cell  lines  restores  the  G1 
arrest,  and  the  addition  of  dominant  negative 
forms  of  p53  to  cell  lines  containing  wild-type 
p53  inhibits  the  G1  arrest  [14].  Inhibition  of  p53 
by  antisense  oligonucleotides  (ODNs)  can  re¬ 
cover  rat  hepatocytes  from  UV-induced  G1  ar¬ 
rest  [15].  Recently,  WAF-1  protein,  which  is 
induced  by  p53,  has  been  tentatively  determined 
to  mediate  the  G1  arrest  by  blocking  Cdk  en¬ 
zymes  resulting  in  the  inhibition  of  DNA  syn¬ 
thesis  [16].  Thus,  p53  appears  to  play  the  role  of 
checkpoint  pathway  protein  in  Gl/S  similar  to 
that  found  in  the  RAD9  gene  discovered  in 
Saccharomyces  cerevisiae ,  which  induces  a  G2/M 
delay  in  response  to  ionizing  radiation  [12,17,18]. 

Since  p53  is  involved  in  the  Gl/S  checkpoint 


DNA  Damage- 
mitomycin  C 
ionizing  radiation 
hydrogen  peroxide 

! 


p53  Gene 


p53  mRNA 


OL(l)p53 


High  levels-  Apoptosis 
Moderate  levels-  Cell  cycle  arrest  Gl/S 
Low  level-  diminished  DNA  repair 


Fig.  1.  Regulation  of  expression  and  phenotypes  attributed  to  p53.  The  p53  promoter  is  influenced  bv  DNA  damaging  agents 
which  cause  induction  of  p53  protein  expression.  The  p53  protein  acts  as  a  negative  regulator  of  the  p53  promoter  but  the  negative 
feedback  may  involve  a  cascade  of  interactions  (dotted  line).  The  OL(l)p53  oligonucleotide  interferes  with  the  process  of 
translation  which  modulates  the  expression  of  p53.  1 
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pathway,  loss  of  p53  may  be  expected  to  induce 
radiosensitivity  or  chemosensitivity  similar  to 
observations  made  in  yeast  lacking  RAD9  pro¬ 
tein  [12,17,18],  Cells  from  patients  with  Ataxia- 
telangiectasia  show  no  induction  of  p53  after 
exposure  to  ionizing  radiation  and,  subsequently, 
no  G1  arrest  in  the  cell  cycle  [2].  These  cells  also 
exhibit  radiosensitivity  when  exposed  to  ionizing 
radiation  (for  review  see  [19]).  Mouse  fibroblasts 
lacking  p53  and  normal  human  fibroblasts 
treated  with  an  antisense  ODN  to  p53  show 
increased  chemosensitivity  to  direct  DNA- 
damaging  agents  [20].  These  results  clearly  show 
that  lack  of  response  by  p53  or  loss  of  p53  can 
induce  radiosensitivity  and  chemosensitivity. 
Other  groups,  however,  have  shown  that  loss  of 
p53  induces  chemoresistance  and  radioresistance 
[21-24].  Thus,  whether  loss  of  p53  causes  in¬ 
creased  or  decreased  sensitivity  to  DNA-damag- 
ing  agents  may  be  cell-type  specific,  disease  state 
specific,  or  specific  to  various  stages  of  develop¬ 
ment. 

We  have  shown  previously  that  antisense 
ODNs  directed  against  p53  cause  a  decrease  in 
human  acute  myelogenous  leukemia  (AML) 
blast  cell  viability  [25].  p53  is  expressed  at  higher 
levels  in  AML  blast  stem  cells  than  normal 
hematopoietic  cells  [26,27],  and  p53  expressed  in 
AML  blast  stem  cells  is  predominantly  wild-type 
[28-30].  These  observations  lead  to  a  therapeutic 
interest  in  an  antisense  approach  to  the  clinical 
management  of  AML. 

OL(l)p53,  5'-d(CCC  TGC  TCC  CCC  CTG 
GCT  CC)-3'  complementary  to  exon  10  region 
of  the  human  p53  mRNA  (molecular  weight  6625 
g/mole)  was  supplied  by  Lynx  Therapeutics 
(Foster  City,  CA)  as  a  sterile,  apyrogenic,  dry 
powder  in  vials  each  containing  50  mg.  A 
radioactive  OL(l)p53  was  prepared  according  to 
the  method  of  Stein  et  al.  [31]. 

2.  Results 

2.1.  Mouse 

Four  mice  were  examined  following  a  4  mg/ kg 
application  of  OL(l)p53  subcutaneously.  Blood 
samples  were  recovered  at  2,  4,  8,  24,  48  and  72  h 
post-infusion  and  radioactivity  in  each  sample 


determined.  The  concentration  of  OL(l)p53  was 
calculated  from  the  specific  activity  of  the  in¬ 
jected  material  and  reported  as  /mgl ml.  The 
radioactive  material  measured  may  be  in  the 
form  of  fully  intact  oligonucleotide  and/or  degra¬ 
dation  products. 

The  elimination  half-life  of  the  single  compart¬ 
ment  model  was  observed.  The  volume  of  dis¬ 
tribution  of  1.71  1/kg  is  equivalent  to  42.75  ml  in 
a  25  g  mouse,  suggesting  that  OL(l)p53  is 
sequestered  in  addition  to  being  distributed 
throughout  the  body. 

2.2.  Rat 

Studies  involved  3  rats  at  each  of  5  dose  levels 
(3.0,  10.0,  27.5,  100.0,  and  300  mg/kg),  adminis¬ 
tered  intravenously  as  a  bolus  injection  to  4 
animals  per  dose  group.  Blood  samples  were 
withdrawn  from  the  jugular  vein  via  a  surgically 
implanted  catheter.  The  OL(l)p53  was  injected 
under  anesthesia  into  the  right  femoral  vein. 

The  elimination  half-life,  concentration  in  plas¬ 
ma  at  time  0  (CpO),  area  under  the  plasma 
concentration  vs.  time  curve  (AUC),  amount 
excreted  in  the  urine,  and  excretion  rates  were 
increased  as  a  result  of  increased  dose.  However, 
the  volume  of  distribution  Vd  and  renal  clearance 
were  not  increased  as  the  dose  was  increased. 

The  volume  of  distribution  observed  in  the  rat 
is  substantially  smaller  than  that  observed  in  the 
mouse.  This  is  possibly  due  to  the  route  of 
administration  and  the  fact  that  the  OL(l)p53  is 
injected  as  a  bolus  injection  in  the  rat  but  in  the 
mouse  the  release  of  OL(l)p53  is  relatively  slow 
from  the  subcutaneous  site.  This  suggests  the 
rate  of  distribution  from  the  blood  into  tissue  is 
relatively  slow  in  comparison  to  the  rate  of  loss 
due  to  excretion. 

2.3.  Monkey 

Four  hour  infusions  of  7.5  mg  /kg  OL(l)p53 
were  injected  intraarterially  into  three  Rhesus 
monkeys.  A  biphasic  elimination  from  plasma 
was  observed  with  an  elimination  half-life  of  18.1 
h.  The  volume  of  distribution  was  4  1/kg,  again 
suggesting  that  OL(l)p53  is  widely  distributed  in 
the  body  and  may  be  sequestered  at  some  sites. 
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The  clearance  rate  is  25.2  ml/min,  which  is  less 
than  the  glomerular  filtration  rate.  The  maximal 
plasma  concentration  achieved  was  1.93  yug/ml, 
which  was  predominantly  full  length  material 
when  evaluated  by  gel  electrophoresis.  From 
13%  to  27%  of  the  dose  was  excreted  into  urine 
in  6  days.  The  liver,  kidney,  heart,  spleen  and 
pancreas  were  the  organs  of  greatest  accumula¬ 
tion. 

Three  monkeys  were  administered  continuous 
intravascular  infusions  with  doses  of  8.3  mg  /kg 
per  day  over  a  period  of  6  to  15  days.  Steady- 
state  plasma  concentration  was  observed  in  4  to  9 
days,  reaching  concentrations  of  1.5  to  5.6  //M. 
The  volume  of  distribution  is  equal  following 
continuous  infusion  or  a  single  4  h  injection.  The 
maximal  plasma  concentrations  following  the 
infusion  reached  nearly  five  times  that  following 
the  single  injection.  This  is  expected,  as  a  new 
steady-state  plasma  concentration  should  be 
achieved  in  3  to  5  half-lives. 

The  plasma  half-life  following  the  single  injec¬ 
tions  was  significantly  shorter  than  that  observed 
following  continuous  infusions.  This  is  consistent 
with  the  higher  plasma  concentration  and  the 
smaller  clearance. 

2.4.  Human 

OL(l)p53  was  administered  as  a  10  day  con¬ 
tinuous  intravenous  infusion  to  17  patients  with 
either  relapsed  or  refractory  acute  myelogenous 
leukemia  (AML)  or  myelodysplastic  syndrome 
(MDS).  Analysis  of  blood  and  urine  by  high 
performance  electrophoretic  chromatography 
(HPEC)  and  high  performance  liquid  chroma¬ 
tography  (HPLC)  followed  by  post-labeling  at 
the  5'-end  with  [32P]ATP  and  polynucleotide 
kinase  revealed  approximately  36%  of  the  re¬ 
covered  material  in  urine  and,  greater  than  90% 
of  the  material  recovered  in  plasma  retains  the 
identical  electrophoretic  mobility  as  OL(l)p53 
and  approximately  53%  of  the  recovered  materi¬ 
al  in  urine  is  equivalent  to  mononucleotide 
monophosphorothioate  material.  A  single  patient 
was  administered  uniformly  35S-labeled 
OL(l)p53,  and  the  analysis  confirms  approxi¬ 
mately  90%  agreement  with  chromatographic 
methods  with  greater  than  90%  total  recovery  of 


labeled  material.  The  plasma  concentration  and 
area  under  the  plasma  concentration  curve 
(AUC)  were  linearly  proportional  to  the  dose 
(mg/m")  of  OL(l)p53.  The  elimination  half-life 
increased  as  a  function  of  dose  from  24.4  h  at 
0.05  mg/kg  per  h  to  62.5  h  at  0.25  mg/kg  per  h. 
The  renal  clearance  did  not  increase  with  in¬ 
creasing  dose,  remaining  at  14.4  ±  2.56  ml/min, 
hence  the  renal  clearance  accounts  for  a  smaller 
percentage  of  total  clearance  with  increasing 
dose  from  54.3  ±  6.6  at  0.05  mg/kg  per  h  to 
15.8  ±3.3  at  0.25  mg/kg  per  h  (Fig.  2).  This 
apparently  saturable  renal  clearance  pathway 
suggests  that  glomerular  filtration  either  may  be 
limited  by  the  amount  of  free  oligonucleotide  or 
is  not  the  major  mechanism  for  renal  clearance. 
Therefore,  non-renal  clearance  increases  with 
dose,  and  the  volume  of  distribution  is  increased 
from  34.1  1  at  0.05  mg  /kg  per  h  to  454.1  1  at  0.25 
mg  /kg  per  h.  The  half-life  changed  with  in¬ 
creased  dose  in  the  rat,  but  the  volume  of 
distribution  did  not.  This  may  have  been  due  to 
the  differences  in  the  injections,  as  the  rat  re¬ 
ceived  a  bolus  injection  and  the  humans  received 
a  continuous  infusion. 

OL(l)p53  reaches  an  apparent  steady-state 
plasma  concentration  in  less  than  24  h.  The 
expected  time  to  steady  state  would  be  between 
3  and  5  half-lives,  which  would  be  several  days. 
The  difference  between  the  observed  and  ex- 
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Fig.  2.  Cumulative  urinary  clearance  of  OL(l)p53  in  human 
patients.  The  appearance  of  OL(l)p53  in  the  urine  was 
measured  for  each  patient  following  a  total  of  5  different 
dosage  regimens.  Data  are  plotted  as  the  average  cumulative 
urinary  excretion  for  all  patients  within  each  dose  level  of 
OL(  1  )p53.  Dosages:  ■,  0.05  mg/kg/h;  A,  0.10  mg/kg/h;  T. 
0.15  mg/kg/h;  ♦,  0.20  mg/kg/h;  #,  0.25  mg/kg/h. 
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pected  time  to  reach  steady  state  plasma  con¬ 
centrations  is  probably  due  to  a  high  degree  of 
plasma  protein  binding.  We  employed  human 
serum  albumin  (HSA)  protein  bound  to  sepha- 
rose  beads  to  determine  the  HSA-protein  dis¬ 
sociation  constant  [32].  These  observations  indi¬ 
cate  that  OL(l)p53  is  approximately  98%  pro¬ 
tein  bound  in  plasma.  Hence,  the  infusion  estab¬ 
lishes  equilibration  of  plasma  protein  binding. 
The  small  fraction  of  free  OL(l)p53  in  blood 
plasma  is  then  available  for  renal  clearance, 
distribution  throughout  the  body  and  uptake  by 
target  cells. 

3.  Conclusions 

Once  the  promise  of  nuclease  resistant  phos- 
phorothioate  oligonucleotides  has  demonstrated 
in  vivo  efficacy  [33-35]  and  feasible  pharma¬ 
cokinetic  parameters  [36-39],  the  task  of  identifi¬ 
cation  of  target  cell  sites  and  oligonucleotide 
functional  bioavailability  must  be  resolved.  The 
most  simple  solution  to  this  complex  problem  is 
to  optimize  the  dose-scheduling  of  the  oligo¬ 
nucleotide.  The  data  presented  here  address  the 
problem  of  matching  the  rate  of  target  cell 
uptake  with  the  rate  of  loss  from  systemic  circu¬ 
lation.  In  this  case  analysis  of  OL(l)p53  pharma¬ 
cokinetic  behavior  was  established  in  the  mouse, 
rat  and  monkey.  These  observations  support  the 
conclusion  that  target  cell  uptake  is  slow  relative 
to  the  rate  of  elimination  from  plasma  following 
a  bolus  injection.  Hence,  continuous  exposure  of 
cells  to  oligonucleotide  will  optimize  target  cell 
accumulation  of  OL(l)p53.  It  is  not  possible  to 
extrapolate  these  observations  to  other  target 
cells  or  for  other  oligonucleotide  sequences  or 
oligonucleotide  chemistries.  However,  these  ob¬ 
servations  should  provide  a  basis  for  comparison. 

Another  substantial  task  is  to  elucidate  the 
patterns  and  mechanistic  causes  of  oligonucleo¬ 
tide  toxicity  in  vivo.  A  detailed  summary  of  the 
clinical  toxicity  is  given  in  [40].  One  patient 
developed  transient,  asymptomatic,  nonoligouric 
renal  failure  which  occurred  after  initiation  of 
vancomycin  and  may  have  been  the  result  of  a 
drug  interaction  between  the  clearance  of  van¬ 
comycin  and  the  OL(l)p53.  We  did  not  observe 
toxicity  that  could  easily  be  linked  to  OL(l)p53 


in  either  the  preclinical  pharmacology  and  tox¬ 
icology  studies  or  the  phase  I  trial. 
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Abstract 

Oligonucleotide  phosphorothioates  (PS-oligos)  are  being  studied  as  antisense  agents  for  viral  infection  and 
cancer.  In  preclinical  studies,  PS-oligos  produced  dose-dependent  changes  in  heart  rate  and  blood  pressure  and 
significantly  reduced  serum  hemolytic  complement,  which  could  be  avoided  by  slowing  infusion  rates.  Here,  in  vitro 
PS-oligo  treatment  of  either  human,  rhesus  monkey  or  guinea  pig  serum  reduced  hemolytic  complement  and 
further  inhibited  in  vitro  coagulation  when  added  to  whole  blood  or  citrated  plasma.  These  effects  were  dependent 
upon  both  oligonucleotide  dose  and  structure.  Oligonucleotides  having  identical  sequences  but  containing 
methylphosphonates  (Chimeric),  2'-0-methyl  ribonucleosides  ( Hybrid )  or  3'  hairpin  loop  (Self-stabilized)  had 
altered  effects  on  complement  and  coagulation  in  vitro. 

Keywords:  Antisense;  Complement;  Coagulation;  Oligonucleotides;  Phosphorothioate 


1.  Introduction 

Antisense  oligonucleotides  have  been  shown 
to  inhibit  gene  expression  in  vitro  and  in  vivo 
and  are  being  explored  as  therapeutic  agents  [1]. 
Phosphorothioate-modified  oligonucleotides  (PS- 
oligos)  show  enhanced  therapeutic  potential  as 
compared  to  ‘natural’  phosphodiester  oligonu¬ 
cleotides  [2,3].  Antisense  PS-oligos  are  currently 
in  Phase  I /II  trials  for  therapy  of  viral  infections 
and  cancer  [4,5]. 

Preclinical  studies  of  PS-oligos  indicate  that 
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high-dose  bolus  i.v.  infusions  into  non-human 
primates  can  be  associated  with  acute  hemostatic 
changes  associated  with  measurable  inhibition  of 
circulating  complement  and/or  coagulation  ac¬ 
tivities  determined  by  standard  clinical  assays 
[6-8].  Of  note,  these  effects  appear  to  be  in¬ 
dependent  of  nucleotide  sequence,  but  depen¬ 
dent  upon  phosphorothioate  modification,  dose 
and  infusion  rate  so  that  slow  administration 
minimized  observable  side  effects  [6]. 

This  study  presents  in  vitro  experimental 
models  for  studying  the  previously  observed  in 
vivo  effects  of  PS-oligos  on  complement  and 
coagulation.  The  PS-oligo  studied  here  is  GEM- 
91  [4,6,9],  a  25-mer  antisense  oligodeoxynucleo- 
tide  phosphorothioate,  which  is  presently  in 
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clinical  trials  for  HIV  infection.  Structurally- 
modified  antisense  oligonucleotide  analogues  of 
the  PS-oligo  were  also  studied  for  altered  in  vitro 
activities. 

2.  Results  and  discussion 

Initial  experiments  used  normal  Rhesus  mon¬ 
key  and  human  serum  spiked  in  vitro  with  high- 
dose  (250-500  /xg/ml)  PS-oligo  [9]  and  assayed 
in  parallel  with  serum  spiked  with  control  mouse 
genomic  DNA.  Results  showed  that  both  the 
classical  and  alternative  pathways  of  complement 
measured  by  standard  hemolytic  assays  [10]  were 
reduced  25-60%  by  PS-oligo  as  compared  to 
treatment  with  equivalent  doses  of  genomic 
DNA  or  saline  vehicle  alone.  Normal  guinea  pig 
serum  showed  similar  inhibition  of  hemolytic 
complement  after  in  vitro  treatment  in  a  PS-oligo 
dose-dependent  manner  (Fig.  1). 

Human  normal  donor  blood  collected  into 
vacutainers  previously  spiked  with  PS-oligo  for 
final  concentration  of  400  jug/ml  in  whole  blood 
demonstrated  no  visible  blood  clotting  after  up 
to  18  h  incubation  at  room  temperature,  as 
compared  to  blood  collected  into  vacutainers 
spiked  with  the  same  volume  of  saline  vehicle 
alone  which  clotted  completely  by  30  min.  Cell- 


Fig.  1.  Hemolytic  complement  activity  (CH50  units)  in 
guinea  pig  serum  following  in  vitro  treatment  with  varying 
doses  of  PS  oligo. 


free  supernates  of  such  blood  samples  demon¬ 
strated  levels  of  prothrombin  fragments  (PF1  + 
2)  by  ELISA  (Baxter  Dade)  that  confirmed 
reduced  clotting  activity  in  PS-oligo  samples 
(PF1  +  2  =  12  nM)  compared  to  saline  controls 
(PF1  +  2  >400  nM).  The  same  supernates  ex¬ 
hibited  greatly  reduced  hemolytic  complement 
activities  (PS-oligo  =  44%  of  saline  control).  In 
parallel,  blood  samples  were  collected  into  400 
fig/ ml  heparin  (porcine,  143  USP  K-l  units/mg, 
Sigma);  heparin  samples  also  failed  to  clot 
(supernate  PF1  +  2  =  14  nM)  but  hemolytic  com¬ 
plement  activity  was  100%  of  the  saline  control. 
This  indicated  that  the  observed  complement 
effect  of  PS-oligo  was  not  simply  due  to  anti¬ 
coagulation. 

The  hemolytic  complement  inhibitory  activity 
of  PS-oligo  in  vitro  correlated  with  serum  levels 
of  complement  fragment  C4d  but  not  with  serum 
fragment  Bb  (both  assayed  by  Quidel  ELISA 
kits)  (Fig.  2).  These  results  suggest  that  PS-oligo 
activates  the  classical  (C4d-specific)  pathway  of 
complement,  thereby  consuming  the  common 
terminal  complement  components  needed  for 
expression  of  either  classical  or  alternative 
hemolytic  activity  in  vitro.  Additional  experi¬ 
ments  are  ongoing  to  confirm  this  conclusion  and 
to  elucidate  possible  mechanisms. 

In  vitro  studies  similar  to  the  above  were 
conducted  with  modified  antisense  oligonucleo¬ 
tides  with  structural  differences  from  the  PS- 
oligo.  Serum  treated  with  a  PS-oligo  of  random¬ 
ized  nucleotide  sequence  demonstrated  equiva¬ 
lent  anti-complement  activity,  whereas  a  phos- 
phodiester  oligonucleotide  with  the  same  se¬ 
quence  as  the  PS-oligo  produced  no  measurable 
anti-complement  activity,  suggesting  that  anti¬ 
complement  activity  is  independent  of  nucleotide 
sequence  but  dependent  upon  PS-modification. 
Serum  treated  with  Chimeric  oligonucleotide 
containing  the  same  25-mer  sequence  as  GEM-91 
but  four  methylphosphonate  linkages  at  both  3' 
and  5'  ends,  demonstrated  much  less-potent 
inhibition  of  hemolytic  complement.  Serum 
treated  with  Self-stabilized  oligonucleotide 
[11,12]  containing  an  extended  3'  self-annealing 
hairpin-loop  sequence,  showed  anti-complement 
activity  intermediate  to  that  of  the  linear  PS- 
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Fig.  2.  Correlation  of  human  normal  donor  serum  complement  hemolytic  activity  with  generation  of  complement  component 
fragments  following  in  vitro  treatment  with  varying  doses  of  PS-oligo.  (a)  Hemolytic  activity  expressed  as  %  of  maximum  lysis,  (b) 
ELISA  quantitation  of  fragment  C4d  (□)  and  fragment  Bb  (■);  vertical  lines  at  right  indicate  mean  plus  2  S.D.  range  of  fragment 
concentrations  in  untreated  normal  serum.  Error  bars  indicate  S.D. 


oligo  and  Chimeric  oligonucleotide.  Serum 
treated  with  a  Hybrid  oligonucleotide  [13-15] 
containing  four  2'-0-methylribonucleoside  in¬ 
stead  of  deoxyribonucleoside  residues  at  both  3' 
and  5'  ends,  exhibited  somewhat  lower  anti-com¬ 
plement  activity  as  compared  to  the  PS-oligo. 
Similar  results  were  obtained  when  treated  plas¬ 
ma  samples  were  analyzed  for  coagulation  by 
standard  activated  partial  thromboplastin  clot¬ 
ting  time  (PTT)  assay  (Table  1). 

in  conclusion,  PS-oligos  have  the  potential  to 
exhibit  dose-dependent  acute  side-effects  related 
to  sequence-independent  inhibition  of  circulating 
complement  and  coagulation  activities.  These 


effects  can  be  minimized  by  slow  intravenous 
administration  of  PS-oligo  in  monkeys  [6].  The 
therapeutic  index  of  such  antisense  oligonucleo¬ 
tides  may  be  enhanced  by  chemical  modifica¬ 
tions,  as  supported  by  the  above  experimental 
data.  Chimeric  oligonucleotide  [16],  containing 
17  phosphorothioate  and  8  methylphosphonate 
linkages  with  the  same  nucleotide  sequence  as 
the  25-mer  PS-oligo,  exhibited  the  least  effect  on 
either  complement  or  coagulation  in  vitro.  Self- 
stabilized  oligonucleotide  [11,12],  with  an  8  phos¬ 
phorothioate  deoxyribonucleotide  sequence 
added  to  the  3'  end  of  PS-oligo  to  form  a  double- 
stranded  loop,  showed  reduced  complement  ef- 


Table  1 

Serum  complement  and  plasma  clotting  activities  following  in  vitro  treatment  with  100  /xg/ml  of  modified  oligonucleotides 


Complement  CH50 

Units  %  reduction 

PTT  clotting  time 

s  %  increase 

PS-oligo 

203  (65) 

98  (260) 

Self-stabilized  oligo 

306  (47) 

>106  (>270) 

Hybrid  oligo 

357  (38) 

76(180) 

Chimeric  oligo 

457  (21) 

49  (81) 

Control  (no  oligo) 

580  (0) 

27(0) 
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feet  but  similar  coagulation  effect  as  PS-oligo. 
Hybrid  oligonucleotide  [13-15]  containing  the 
same  number  of  phosphorothioate  linkages  had 
less  effect  on  both  complement  and  coagulation 
than  PS-oligo,  suggesting  that  the  nature  of 
nucleotides  in  addition  to  phosphorothioate  res¬ 
idues  may  also  be  important.  While  these  modi¬ 
fied  oligonucleotides  show  reduced  hemostatic 
effects  in  vitro,  all  retain  antisense  activity  and 
further  exhibit  increased  in  vivo  stability  [11-16]. 
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Abstract 

For  the  past  10  years  we  have  focused  on  the  development  of  antisense  treatments  against  viral  infections  such  as 
human  immunodeficiency  virus  (HIV)  and  hepatitis  B  virus  (HBV).  We  have  demonstrated  that  phosphorothioate 
oligomers  have  in  vitro  anti-HIV  activities  and  in  vivo  anti-HBV  activity.  In  vitro  anti-HIV  activities  of 
phosphorothioate  oligodeoxynucleotides  (S-oligo)  were  classified  into  sequence  non-specific  (non-antisense)  and 
sequence  specific  (antisense).  We  found  that  toxicity  of  S-oligo  could  be  also  classified  into  the  same  2  categories. 
Since  some  of  non-specific  toxicity  is  dependent  on  experimental  conditions,  in  each  experiment,  we  should  pay 
attention  to  minimize  non-specific  toxicity  of  the  oligomers. 

Keywords :  Antisense  DNA;  Antivirals;  HIV;  HBV 


1.  Materials  and  methods 

LI.  Human  immunodeficiency  virus  (HIV) 

In  vitro  assay  systems  we  used  were  (1)  cyto- 
pathic  effect  inhibition  assay  and  (2)  viral  gene 
expression  inhibition  assay.  In  the  first  assay  we 
used  the  HIV-uninfected  cell  line,  ATH8,  which 
is  transformed  and  immortalized  with  the  in¬ 
fection  of  human  T-lymphotropic  Virus  Type  I 
(HTLV-I).  ATH8  cells  are  very  sensitive  to  the 
cytopathic  effect  of  HIV  and  most  of  cells  die 
within  a  week  after  exposure  to  HIV.  In  the 
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second  assay,  we  used  human  T  cell  line,  H9, 
which  is  sensitive  to  the  infection  of  HIV  but  can 
survive  and  become  chronically  HIV-infected  H9 
cells. 


1.1.1.  Cytopathic  effect  inhibition  assay 
ATH8  cells  were  centrifuged,  pelleted  and 
exposed  to  HIVIIIb  for  1  h  (500  virions  per  cell). 
Complete  medium,  RPMI1640  containing  15% 
fetal  calf  serum  (FCS)  and  recombinant 
interleukin-2  (20  units  per  ml)  were  used  with 
various  concentration  of  the  oligomers  added. 
The  number  of  viable  cells  was  counted  in  a 
hemocytometer  using  the  trypan  blue  dye-exclu¬ 
sion  method  on  day  7  following  exposure  to  the 
virus. 
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1.1.2.  Viral  gene  expression  inhibition  assay 

To  test  whether  an  oligomer  has  antisense 
activity  on  HIV  viral  expression,  we  used  chroni¬ 
cally  HIV-l-infected  H9  cells  (H9/IIIb).  H9/IIIb 
cells  were  washed  extensively  to  remove  the 
previously  produced  virions  from  the  medium. 
After  washing,  1250  H9/IIIb  cells  per  well  in  a 
96-well  culture  plate  were  cultured  in  the  pres¬ 
ence  or  absence  of  oligomers  in  200  p\  of  the 
complete  medium  (RPMI1640  +  15%  FCS).  Cul¬ 
ture  supernatants  were  collected  on  day  5  and 
assayed  for  p24  gag  protein  by  using  RIA  or 
ELISA.  The  cells  were  pulsed  with 
f  H]thymidine  and  harvested  next  day  to  assess 
cytotoxicities  of  oligomers. 

1.1.3.  Reverse  transcriptase  (RT)  assay 

We  reported  previously  the  RT  assay  [1]  used 
and  describe  it  only  briefly.  01igo(dT)-poly  (rA) 
was  used  as  primer-template  in  the  presence  of 
[ 'H]thymidine  triphosphate.  As  a  control, 
oligo(dT)-poly(dA)  was  used.  Phosphorothioate 
oligodeoxynucleotides  (S-oligo)  or  n-oligo  at 
various  concentrations  was  added  to  the  assay 
system. 

1.1.4.  Oligodeoxynucleotides  used 

We  employed  the  initiation  site  of  rev  as  the 
target  site  of  HIV  gene  with  reasons  such  as 
conservativeness  of  the  sequence  and  importance 
in  the  viral  replication.  As  controls,  S-oligo  with 
sense  and  random  sequence  and  rc-oiigo  with 
antisense  sequence  were  tested. 

1.2.  Hepatitis  B  virus  (HBV) 

HBV  has  been  know  to  be  a  very  difficult  virus 
for  in  vitro  infection  studies.  We  therefore  em¬ 
ployed  an  animal  model  using  HBx  transgenic 
mice.  In  HBx  transgenic  mice,  histological  pre- 
cancerous  changes,  including  vacuolation  and 
altered  foci  in  the  liver,  were  followed  by  the 
development  of  hepatocellular  carcinoma  at  1 
year  of  age  or  older.  Because  of  the  insertion  of 
the  HBV  transactivator  gene,  HBx,  these  pre- 
cancerous  changes  occurred. 


1.2.1.  Transgenic  mice 

Production  of  HBx  gene  transgenic  mice  was 
reported  previously  [2].  We  used  male  mice  from 
the  H9  strain  of  HBx  transgenic  mouse  which 
was  homozygous  for  HBx  gene.  Mice  were  main¬ 
tained  and  cared  for  in  accordance  with  the 
guidelines  established  by  the  National  Institutes 
of  Health. 

1.2.2.  Oligodeoxynucleotides  used 

Two  sets  of  sense  and  antisense  S-oligos  were 
designed  from  the  standpoint  of  base  composi¬ 
tion  (rich  in  GC)  and/or  secondary  stucture.  One 
set,  S-l  (sense)  and  AS-1  (antisense),  was  aimed 
to  the  GC-rich  region  of  HBx  gene  and  a  second 
set,  S-2  and  AS-2,  was  designed  to  cover  the 
initiation  site.  Both  oligomers  were  27-mer  and 
synthesized  in  the  amount  of  hundreds  of  milli¬ 
grams.  Sequences  of  the  oligomers  will  be  pub¬ 
lished  elsewhere  [3]. 

1.2.3.  RNA  extraction,  RT -polymerase  chain 
reaction  (PCR)  and  histological  studies  of  tissue 

RNA  was  extracted  from  liver  tissues  as  de¬ 
scribed  by  Chomczynski  and  Sacchi  [4].  RNA 
was  analyzed  by  RT-PCR  using  a  set  of  primers 
[3].  Tissue  sections  fixed  in  10%  neutral-buffered 
formalin  were  used  for  hematoxylin  and  eosin 
staining. 


2.  Results 

2.1.  Anti- HIV  activities 

We  found  that  S-oligo  could  exhibit  2  different 
anti-HIV  activities.  One  is  sequence-non-specific 
and  another  is  sequence-specific  anti-HIV  activi¬ 
ty.  Sequence-non-specific  activity  was  found  in 
the  cytopathic  effect  inhibition  assay  where  even 
homo-oligomer  S-oligo  could  inhibit  de  novo 
infection  (no  HIV  DNA  synthesis)  possibly  with 
multiple  mechanisms  including  inhibition  of  HIV 
RT.  On  the  other  hand,  the  result  obtained  from 
the  viral  gene  expression  assay  was  sequence- 
specific  anti-HIV  activity,  namely  antisense  ac¬ 
tivity. 

In  the  enzyme  assay  for  HIV  RT,  S-oligo 
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showed  much  more  potent  inhibition  compared 
to  rc-oligo.  Such  inhibition,  however,  could  be 
reversed  by  addition  of  bovine  serum  albumin 
(BSA)  in  the  assay  solution  suggesting  that  the 
inhibition  of  RT  activity  by  S-oligo  is  a  result  of 
non-specific  protein  binding.  Similarly,  increase 
of  percentage  of  FCS  in  the  complete  medium 
eliminated  the  cytotoxicity  of  S-oligo  whereas  a 
higher  percentage  than  30%  of  FCS  is  somehow 
toxic  and,  under  such  conditions,  FCS  did  not 
compete  with  the  cytotoxicity  of  S-oligo  (data 
not  shown). 

In  the  viral  gene  expression  assay,  rc-oligo 
showed  a  profound  decrease  of  [3H]thymidine 
uptake  without  decrease  of  viable  cell  number. 
This  pseudo-cytotoxicity  was  derived  from 
competition  of  non-radioactive  thymidine  from 
n-oligo  degraded  by  nucleases  in  the  FCS.  S- 
oligo  is  known  to  be  nuclease-resistant,  but  could 
be  degraded  very  slowly  in  culture  media  and 
also  in  vivo.  One  should  take  account  of  not  only 
the  oligomers  but  also  the  metabolites  for  toxici¬ 
ty* 

2.2.  Anti-HBV  activity 

The  data  from  in  vivo  experiments  using  HBx 
transgenic  mice  will  be  published  elsewhere. 
Therefore,  we  describe  the  results  here  briefly 
without  figures  and  tables. 

2.2.1.  Down-regulation  of  HBx  gene  expression 

As  an  initial  trial,  we  injected  1  of  4  S-oligos 

i.p.  into  the  mice  for  7  consecutive  days  (1  mg/ 
day)  at  the  age  of  3  month  old.  On  the  last  day  of 
injection,  mice  were  sacrificed  and  gene  expres¬ 
sion  of  HBx  in  liver  was  examined  by  means  of 
the  RT-PCR.  We  found  a  significant  decrease  of 
HBx  gene  expression  in  AS-2-treated  mice 
whereas  other  oligomers  did  not  cause  a  decrease 
(data  not  shown). 

2.2.2.  Long-term  treatment  with  AS- 2 

We  started  the  treatments  before  the  mice 
were  3  months  old.  At  1  week  old,  even  0.2 
mg  /day  injection  3  times  a  week  was  found  to  be 
highly  toxic  to  mice,  which  resulted  in  death  at  4 
weeks  old.  Then  we  delayed  the  initiation  of  the 


treatment  to  2  weeks  old  and  reduced  the  dos¬ 
age.  With  this  protocol,  the  treatment  was  con¬ 
tinued  until  the  mice  were  10  weeks  old.  Signifi¬ 
cant  reduction  of  the  expression  and  histological¬ 
ly  milder  changes  were  found  in  mice  treated 
with  AS-2  but  not  in  mice  treated  with  S-2  or 
PBS.  In  a  series  of  treatments,  cell  infiltration 
into  liver  was  found  in  mice  treated  with  AS-1 
and  S-l  suggesting  that  toxic  reaction  could  be 
sequence  specific  or  base  composition  of  oligo¬ 
mers  (GC-rich)  (data  not  shown). 


3.  Discussion 

Toxicological  consideration  of  oligomers  could 
not  be  obtained  without  knowing  more  about  the 
characteristics  of  the  experiments.  We  should 
compare  experiments  with  each  other  in  terms  of 
their  advantages  and  disadvantages.  In  vitro 
assay  systems  which  we  used  have  advantages 
over  in  vivo  experiments  in  the  following  ways: 
(1)  a  relatively  small  amount  of  oligomer  is 
required;  (2)  because  of  relative  ease,  many 
samples  including  several  controls  can  be  tested 
simultaneously;  (3)  because  of  relatively  defined 
and  short-term  assay  conditions,  experiments  can 
be  repeatable  in  a  short  time  and  the  data 
obtained  can  be  reproduced.  There  are  also 
significant  disadvantages  as  follows:  (1)  in  vitro 
assay  systems  have  artificial  conditions  such  as 
use  of  particular  immortalized  cell  lines,  artifi¬ 
cially  conditioned  medium  containing  FCS,  rela¬ 
tively  rapid  cell  growth  (possibly  different  sen¬ 
sitivity  to  cytotoxicity  of  compounds)  and/or  lack 
of  heterogenous  cell  populations;  (2)  a  larger  or 
smaller  amount  of  viral  production  in  compari¬ 
son  to  in  vivo  situations;  (3)  lack  of  pharma¬ 
cokinetics  and  tissue  distribution.  Since  in  vivo 
HIV  experiments  using  animal  models  are  nei¬ 
ther  definitive  nor  easy,  we  have  been  perform¬ 
ing  in  vitro  assays  for  detection  of  antisense 
activity.  We  have  found  at  least  several  mecha¬ 
nisms  of  in  vitro  anti-HIV  activities,  which  were 
initially  confusing  and  made  the  antisense 
strategy  perhaps  less  appealing  to  some  of  the 
researchers.  Several  mechanisms  in  anti-HIV 
activity  might  be  also  true  in  toxicity  of  oligo- 
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mers  (at  least  2:  sequence-non-specific  and  se¬ 
quence-specific  toxicity).  In  monocytes,  S-oligo 
could  introduce  superoxide  (unpublished  result), 
which  could  be  partially  reduced  by  in- 
domethacin.  S-oligo  could  also  introduce  the 
viral  expression  of  HIV  in  dormant  HIV-infected 
cells  (unpublished  data). 

Although  suitable  in  vitro  assays  should  be 
generally  employed  for  antisense  studies  at  the 
start,  in  vivo  experiments  using  animal  models 
could  sometimes  be  better  in  sequence  specificity 
and  interpretability  of  data  including  toxicity.  If 
enough  oligomer  is  available,  one  might  want  to 
perform  in  vivo  experiments  without  in  vitro 
assays. 
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Abstract 

The  involvement  of  carboxylesterase,  acetylcholinesterase,  butyrylcholinesterase  and  cholesterol  esterase  in 
pharmacology  and  toxicology  are  well  recognized.  However,  there  are  few  papers  concerning  the  comparative 
studies  of  these  serine  hydrolases  in  terms  of  molecular  level.  Recently,  we  have  studied  various  aspects  of 
carboxylesterases  using  cDNAs  of  carboxylesterase  isozymes  purified  from  9  animal  species  and  human  liver 
microsomes,  and  found  that  there  is  high  homology  of  the  /V-terminal  amino  acid  sequences  of  the  isozymes  tested. 
On  the  other  hand,  we  compared  the  amino  acid  sequences  at  the  active  site  of  the  individual  esterases  and  found 
that  the  sequences  of  all  esterases  tested  are  strictly  conserved.  These  results  strongly  suggest  that  the  esterases 
involved  are  classified  into  the  serine  hydrolase  super  family. 

Keywords:  Carboxylesterase;  Cholinesterases;  Drug  metabolizing  enzyme;  cDNA  cloning 


1.  Introduction 

Carboxylesterases  (EC  3.1. 1.1),  acetylcholines¬ 
terase  (EC  3. 1.1.7),  butyrylcholinesterase  (EC 
3.1. 1.8),  cholesterol  esterase  (EC  3.1.1.13)  and 
neuropathy  target  esterase  (formerly  neurotoxic 
esterase,  no  EC  number)  are  well  recognized  as 
playing  an  important  role  in  toxicology,  pharma¬ 
cology,  biochemistry  and  clinical  medicine.  Re¬ 
cently,  molecular  aspects  of  studies  of  these 
esterases  such  as  molecular  cloning  have  been 
extensively  reported,  and  these  results  suggest 
that  they  have  high  homology  in  terms  of  molec¬ 
ular  properties  in  the  light  of  3-dimensional 
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structure  [1-4].  Despite  rapid  progress  in  ester¬ 
ase  studies  in  the  past  decade,  the  number  of 
papers  concerning  the  comparison  of  biochemi¬ 
cal  and  toxicological  implications  of  these  ester¬ 
ases  is  very  limited.  Thus,  substrate  specificity  of 
these  esterases  is  mostly  overlapping  and  it  is 
rather  difficult  to  identify  which  esterase  is  in¬ 
volved  in  the  toxicity  and  efficacy  of  drugs. 

Although  these  esterases  hydrolyze  vastly  dif¬ 
ferent  substrates,  substantial  sequence  homology 
was  recognized  between  well-studied  members  of 
the  acetylcholinesterase  family  and  the  class  of 
other  esterases.  These  proteins  contain  approxi¬ 
mately  550  amino  acid  residues.  A  high  degree  of 
similarity  was  detected  predominantly  in  the  N- 
terminal  half  of  the  molecule,  especially  in  the 
region  encompassing  the  active-site  serine.  Simi- 
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larity  was  less  evident  in  the  C-terminal  half  of 
the  molecule.  The  most  comprehensive  studies 
were  carried  out  by  Doctor  et  al.  [3]  and  Krejci 
et  al.  [4]  and  comprised  16  and  17  different 
sequences,  respectively.  These  sequences  in¬ 
cluded,  in  addition  to  several  vertebrate 
acetylcholinesterases,  members  of  the  closely 
related  butyrylcholinesterase  family,  as  well  as 
insect  acetylcholinesterases,  which  display  prop¬ 
erties  intermediate  between  vertebrate 
acetylcholinesterase  and  butyrylcholinesterase 

[5] .  Other  sequences  represented  various  other 
esterases  such  as  cholesterol  esterase  and  carbox- 
ylesterases  and  3  proteins  devoid  of  known 
catalytic  function. 

The  mammalian  carboxylesterases  represent  a 
multigene  family  whose  gene  products  are  local¬ 
ized  in  the  endoplasmic  reticulum  (ER)  of  many 
tissues.  These  enzymes  efficiently  catalyze  the 
hydrolysis  of  a  variety  of  ester-  and  amide-con¬ 
taining  xenobiotics  to  their  respective  free  acids. 
As  such,  they  have  been  implicated  in  both  the 
detoxication  and  the  metabolic  activation  of 
drugs,  environmental  toxicants  and  carcinogens 

[6] .  In  fact,  we  showed  that  changes  in  liver 
microsomal  carboxylesterase  occur  during  hepa- 
tocarcinogenesis  [7].  Recently,  we  reported  that 
rat  liver  microsomes  contain  3  isozymes  of  car¬ 
boxylesterase,  named  RL1,  RL2  and  RH1.  These 


3  carboxylesterase  isozymes  differ  considerably 
from  each  other  in  response  to  hormone  treat¬ 
ment,  inducibility,  substrate  specificity,  and  im¬ 
munological  properties.  Carboxylesterase  iso¬ 
zymes  purified  from  liver  microsomes  of  several 
animal  species,  i.e.,  mice,  hamsters,  guinea  pigs, 
rabbits,  beagle  dogs,  pigs,  cows,  cynomolgus 
monkeys,  rhesus  monkeys  and  humans  were 
compared  with  3  isozymes  of  rat  RL1,  RL2,  and 
RH1  in  terms  of  substrate  specificities,  immuno¬ 
logical  properties,  N-terminal  amino  acid  se¬ 
quences,  and  cDNA  cloning  and  analysis. 

2.  Comparative  studies  on  the  substrate 
specificities  of  liver  microsomal  isozymes  in 
various  mammals  and  humans 

Table  1  shows  the  comparison  of  liver  micro¬ 
somal  carboxylesterase  activities  in  various  mam¬ 
mals  and  humans.  Guinea  pig  was  found  to  have 
the  highest  specific  activity  of  liver  microsomes 
towards  p-nitrophenylacetate  (PNPA)  and  iso¬ 
carboxazid  among  the  animal  species  tested.  The 
highest  activity  of  butanilicaine  hydrolase  was 
found  in  pig  liver  microsomes. 

Rat  liver  microsomes  were  found  to  have  the 
highest  specific  activity  towards  malathion.  On 
the  other  hand,  human  liver  microsomes  was 


Table  1 


Comparison  of  liver  microsomal  carboxylesterase  activities  in  various  animal  species  and  humans 


Species 

Specific  activity 

PNPA 

MALA 

BUTA 

ISOC 

Rat  (5) 

1.93  ±0.1 

74.6  ±  9.2 

0.12  ±0.03 

2.00  ±  0.4 

Mouse  (5) 

8.52  ±  0.5 

14.0  ±2.4 

0.01  ±0.01 

2.63  ±  0.2 

Hamster  (5) 

14.9  ±  1.1 

26.4  ±  3.4 

0.58  ±  0.07 

8.30  ±  1.0 

Guinea  pig  (5) 

19.0  ±4.6 

41.4  ±3.5 

0.04  ±  0.01 

29.5  ±  2.6 

Rabbit  (2) 

10.3 

59.9 

1.08 

6.57 

Pig(l) 

10.9 

28.8 

1.62 

4.17 

Cow  ( 1 ) 

8.77 

<0.002 

1.11 

1.61 

Dog  (1) 

2.42 

26.7 

1.06 

2.29 

Monkey  (3) 

4.37  ±  0.32 

42.5  ±  2.5 

<0.005 

5.63  ±  0.8 

Human  (13) 

1 .95  ±  0.39 

oc 

in 

+  1 
vo 

0.13  ±  0.03 

1.05  ±0.3 

a  PNPA,  p-nitrophenylacetate  hydrolase  (/mol/mg/min);  MALA,  malathion  hydrolase  (nmol/mg/min):  BUTA.  butanilicaine 
hydrolase  (/mol /mg /min);  ISOC,  isocarboxazid  hydrolase  (nmol/mg/min). 
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found  to  have  the  lowest  activity  towards  all 
substrates  used.  These  marked  interspecies  varia¬ 
tions  of  carboxylesterase  activities  may  be  ex¬ 
plained,  at  least  in  part,  by  the  differences  in  the 
properties  of  the  various  carboxylesterase  iso¬ 
zymes. 

We  already  reported  [8]  that  the  3  rat  liver 
carboxylesterase  isozymes  (RL1,  RL2,  RH1) 
were  immunologically  different  from  each  other 
as  determined  by  immunoblotting  analysis.  Rat, 
mouse,  hamster  and  guinea  pig  liver  microsomes 
contained  a  single  polypeptide  (60  KDa)  staining 
with  anti-RLl  antibody,  and  the  position  of 
migration  was  the  same  in  every  case.  Anti-RL2 
antibody  showed  immunocross-reactivity  only 
with  rat  liver  microsomes.  Microsomes  from  rat, 
mouse,  hamster,  rabbit,  beagle  dog,  pig,  cow, 
cynomolgus  monkey,  and  human  livers  gave  a 
single  band  (60  KDa)  with  anti-RHl  antibody, 


though  guinea  pig  liver  microsomes  gave  2 
bands.  These  results  suggest  that  9  mammals  and 
humans  have  similar  carboxylesterase  isozymes 
to  rat  RH1. 


3.  Purification  of  carboxylesterase  isozymes 
from  liver  microsomes  of  various  mammals 

Table  2  shows  that  the  purified  preparations 
have  similar  subunit  molecular  weights  (57-64 
KDa),  but  their  isoelectric  points  ranged  widely 
from  4.7  to  6.5.  Since  most  of  the  isozymes 
studied  were  bound  to  Con-A  affinity  column, 
and  eluted  from  the  column  with  an  a- 
methylmannoside,  these  carboxylesterases  are 
glycoproteins  bearing  a  sugar  moiety  which  con¬ 
tains  high  mannose  type.  Table  1  also  shows  the 
catalytic  activities  of  the  highly  purified  carbox- 


Table  2 


Comparison  of  physicochemical  properties  of  carboxylesterase  isozymes 
Species  Isozymes  Subunit  weight  pi 


Association  form  ConA  affinity 


Rat 

RH1 

58  KDa 

RL1 

61  KDa 

RL2 

61  KDa 

RL3 

61  KDa 

RL4 

61  KDa 

RLlec 

60  KDa 

Mouse 

MH1 

60  KDa 

ML1 

59  KDa 

ML2 

60  KDa 

ML3 

60  KDa 

Hamster 

HI 

58  KDa 

HL1 

58  KDa 

Guinea  pig 

GPH1 

57  KDa 

GPL1 

64  KDa 

GPL2 

61  KDa 

Rabbit 

RBI 

62  KDa 

Dog 

D1 

60  KDa 

Pig 

PI 

58  K-62  KDa 

Cow 

B1 

59  KDa 

Monkey 

MK1 

60  KDa 

(Cynomolgus) 

MK2 

63  KDa 

Monkey 

RMK1 

60  KDa 

(Rhesus) 

RMK2 

63  KDa 

Human 

HU1 

61  KDa 

HU2 

61  KDa 

HU3 

61  KDa 

6.0 

Trimer 

+ 

6.5 

Monomer 

+ 

5.5 

Monomer 

+ 

5.0 

Monomer 

+ 

4.6 

Monomer 

- 

4.7 

Monomer 

- 

5.8 

Trimer 

+ 

5.9 

Monomer 

+ 

5.1 

Monomer 

+ 

4.7 

Monomer 

- 

5.7 

Trimer 

+ 

6.0 

Monomer 

+ 

5.3 

Trimer 

+ 

5.9 

Monomer 

+ 

5.6 

Monomer 

+ 

5.5 

Trimer 

+ 

5.0 

Trimer 

+ 

5 .2-5. 4 

Hetero  trimer 

+ 

6.0 

Trimer 

+ 

5.5 

Trimer  (?) 

+ 

4.7 

Monomer 

+ 

5.6 

Trimer  (?) 

+ 

4.7 

5.6 

Monomer 

Trimer 

+ 

5.4 

Trimer 

+ 

4.3 

Monomer 

+ 
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f^1  Y-P-S-S-P-P-V-V-N-T-V-K-G-K-V-L-G-K-Y-V- 

D-?-S-S-?-P-V-V-D-T-V-K-G-K-V-L-G-K-v-V-S-L- 
KL2  X-P-S-X-P-P-V-V-N-X-V-K-G-K-V-L-G-K-Y-V- 

HL:  a-p-s-s-p-p-v-v-n-x-v-k-g-k-v-l-g- 

H1  S-P-S-X-P-X-V-V-D-X-V- 

GPL1  X-X-P-S-X-P-X-V-V-D-X-K-Y-G-K-V-L-G-K-Y- 

R31  H-P-S-X-P-P-V— V-N-X-V-K-G-K-V-L-G-K-Y-V- 

Y-?-S-X~p-?-V-V-N-X-V-K-G-K-V-L-G-K-v-V- 
; }  G-E-P-A-V-P-P-V-V-D-T-A-Q-G-X-X-L-G-K-Y- 

B1  L-A-V-S-P-P-I-V-D-X-A-Q-G-X-V-L-G-K-L-V- 

MK1  G-P-S-S-P-P-V-V-D-D-V-K-G-K-V-L-G-K- 

MK2  K-S-A-S-P-X-V- 

HU1  G-P-P-S-P-P-V-V-D-D-T-X-G-K-X-L- 


Fig.  1.  Amino-lerminal  sequences  of  carboxylesterasc  iso¬ 
zymes  from  rat  (RL1,  RL2,  RH1 ),  hamster  (HI,  HL1), 
guinea  pig  (GLP1,  GLP2),  rabbit  (RBI),  beagle  dog  (Dl), 
pig  (PI),  cow  (Bl),  cynomolgus  monkey  (MK1,  MK2), 
human  (HU1). 


ylesterase  isozymes  from  liver  microsomes  of 
various  animal  species,  towards  PNPA,  malath- 
ion,  butanilicaine,  isocarboxazid,  and  palmitoyl- 
CoA.  The  isozymes  of  hamster  (HI),  guinea  pig 
(GPL1  and  GPH1)  and  rabbit  (RBI)  possess 
higher  hydrolytic  activities  towards  PNPA;  those 
of  mouse  (MH1),  hamster  (HI)  and  rabbit 
(RBI)  have  the  highest  activities  toward 
butanilicaine.  Hydrolysis  of  isocarboxazid  was 
catalyzed  most  effectively  by  guinea  pig  GPL1, 
and  rat  RL1  showed  the  highest  catalytic  activity 
toward  palmitoyl-CoA. 

Fig.  1  shows  the  amino-terminal  amino  acid 
sequences  of  carboxylesterase  isozymes  of  vari¬ 
ous  mammalian  species.  It  is  of  interest  to  note 
that  the  isozymes  tested  show  high  homology  in 
this  region,  except  for  monkey  MK2,  but  the  first 
amino  acid  in  the  sequence  is  different  in  all 
isozymes  tested. 


4.  Species  differences  in  the  induction  of  liver 
microsomal  carboxylesterases  by  peroxisome 
proliferators 

Liver  microsomal  carboxylesterases  are  in¬ 
duced  by  exogenous  compounds,  i.e.,  phenobar- 
bital  [9],  Aroclor  1254  [9],  polycyclic  aromatic 
hydrocarbons  [9],  aminopyrine  [9],  synthetic 
glucocorticoid  [10],  pregnenolone  16  a-carbonit- 
rile  [10],  clofibrate  [9,11],  perfluorinated  fatty 
acids  [12],  and  di(2-ethylhexyl)phthalate 
(DEHP)  [13].  Table  3  shows  the  differences  in 
the  capability  of  perfluorinated  fatty  acid  and 
DEHP,  which  are  used  in  industry,  to  induce 
liver  microsomal  carboxylesterase  isozymes  in 
rats,  mice  and  hamsters,  studied  by  measuring 
changes  in  hydrolytic  activities  and  by  evaluating 
changes  in  the  contents  of  the  carboxylesterase 
isozymes  by  immunological  assay  with  specific 
antibodies.  Perfluorooctanoic  acid  (PFOA),  per- 
fluorodecanoic  acid  (PFDA),  perfluorooctane 
sulfonic  acid  (PFOS)  and  l-H,l-H-pentadecafl- 
uorooctanol  (PFOL)  were  used  as  perfluorinated 
fatty  acid.  The  administration  of  DEHP,  PFOA, 
PFOS  and  PFOL  markedly  increased  the  hydro¬ 
lytic  activity  towards  PNPA,  isocarboxazid, 
butanilicaine  in  rats  and  mice  and  the  contents  of 
carboxylesterase  isozymes,  but  not  in  hamsters. 
And,  the  administration  of  DEHP  also  markedly 
increased  the  hydrolytic  activity  toward  pal- 
mitoyl-L-carnitine  (6.5-fold)  in  C57/BL  mouse 
liver  microsomes,  which  was  strongly  inhibited 
by  mouse  ML3-IgG;  whereas,  the  increased 
butanilicaine  hydrolase  activity  was  not  inhibited 


Table  3 


Effects  of  peroxisome  proliferators  on  liver  microsomal  carboxylesterases  in  various  mammalian  species 
SPecies _ Strain  CPIB  DEHP  PFDA  PFOA  PFOL 


Rat 

SD 

F344 

LEW 

Mouse 

C57BL 

DBA 

Hamster 

Syrian 

Guinea  pig 

Hartley 

t 

T 

tf 

ft 

f 


U 


rr 

t 


t 


mr  ft 

m  rtt 

r  i 

i 


rtf  tr 

tm  tm 

r  t 


no  change;  f,  1.2-2.5X;  ff,  2.5-5.0X;  fff,  5.0-I0.0X;  fftf,  10.0X;  CPIB,  clofibrate. 


PFOS 


f 


T 

mr 

T 
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Table  4 

Comparison  of  conserved  motifs  in  carboxylesterase,  cholinesterase  and  cholesterol  esterase 

Cys(98)  Gly-Gly(  124-125)  Ser(203)  Glu(336)  His(450) 


HU1 

SEDCLYLN I 

W  I  HGGGLMVGAA 

RH1 

SEDCLYLNV 

WI  HGGGLVVGGA 

RL1 

SEDCLYLN I 

WI  HGGGLTQGGA 

RSI 

SEDCLYLN I 

WI  HGGGL I  I GG A 

MH1 

S  EDCLYLN I 

WI  HGGGLVVGGA 

MSI 

SEDCLYLN I 

WI  HGGGLV I GG R 

Rabbitl 

SEDCLYLN I 

WI  HGGG  LMVGG A 

Rabbit2 

SEDCLYLN I 

WI  HGGGLTMGMA 

AT51 

SEDCLYLN I 

WI  HGGALVMGMA 

HUM-ACHE 

SEDCLYLNV 

WI  YGGGFYSGAS 

HUM-BCHE 

SEDCLYLNV 

WI  YGGGFQTGTS 

TC-ACHE 

SEDCLYLN I 

WI  YGGGFYSGS  S 

HUM-CHOL 

DEDCLYLN I 

WI  YGGAFLMGSG 

RAT-CHOL 

QEDCLYLN I 

WI  YGGAFLMGSG 

T I FGESAGG 

NKQEFGW 

G - DHGDE 

T I FGESAGG 

NKQEFGW 

G - DHGDE 

T I FGESAGG 

NKQECGW 

G  -  DHADD 

T I FGESAGG 

NKQEFGW 

G - DHGDE 

T I FGESAGG 

NKQEFGW 

G - DHGDE 

T I FGES  S  GG 

NKQEFGW 

G - DHGDE 

T I FGESAGG 

NQQE  FGW 

G  -  DHGDE 

T I FGESAGG 

NNDEYGW 

A  -  DHGDE 

T I FGVSAGG 

DSDECGW 

A  - DHGDH 

TL  FGES AGA 

VKDEGS Y 

GVPHGYE 

TLFGESAGA 

NKDEGTA 

GVMHGYE 

T I FGESAGG 

NKDEGS  F 

GV I HG  YE 

TLFGESAGG 

NNMDGH I 

GADHADD 

T I FGES AGA 

NDMDGHL 

GADHADD 

by  anti-ML3  IgG,  and  the  activity  was  strongly 
inhibited  by  anti-rat  RL1  IgG.  It  is  of  interest  to 
note  that  at  least  2  carboxylesterase  isozymes, 
with  different  functions,  were  induced  by  peroxi¬ 
some  proliferators. 

5.  Comparison  of  conserved  motifs  in 
carboxylesterase,  cholinesterase  and  cholesterol 
esterase 

It  is  well  recognized  that  amino  acid  composi¬ 
tion  at  the  active  site  of  esterases  are  Ser,  Glu, 
His.  The  conserved  motifs  of  carboxylesterases 
were  compared  with  those  of  acetylcholinester¬ 
ase  and  cholesterol  esterases.  As  shown  in  Table 
4,  Cys(98),  Gly-Gly(124-127),  Ser(203), 

Glu(336)  and  His(450)  are  highly  conserved  in 
most  of  the  isozymes,  except  E  was  replaced  by 
D(136)  of  HUM-Chol  and  Rat-Chol.  The  simi¬ 
larities  of  the  conserved  motifs  of  these  esterases 
seem  to  be  closely  associated  with  the  overlap¬ 
ping  of  their  substrate  specificities. 

6.  Comparison  between  nucleic  acid  sequence 
and  the  deduced  amino  acid  sequences  of  rat 
and  human  carboxylesterases 

In  the  present  study,  a  A  gtll  library  from 
peroxisome  proliferator-treated  rat  liver  was 


screened  with  antibody  raised  to  a  purified  rat 
liver  carboxylesterase  RL1,  which  is  highly 
specific  for  long  chain  acyl-CoA  hydrolase,  and 
also  screened  with  antibiody  raised  to  RH1.  The 
nucleotide  sequence  of  3'-end  of  the  clone  in¬ 
cluded  an  open  reading  flame  terminating  with 
stop  codon  (TAG),  followed  by  an  untranslated 
region  including  a  polyadenylation  signal 
(A  AT  A  A  A),  and  a  17 -bp  poly  (A)  tail.  The 


Cys  Cys  CysCys  Cys 


Cys  Cys  CysCys 


Fig.  2.  Diagrammatic  comparison  of  deduced  amino  acid 
sequences  of  rat,  mouse  and  human  carboxylesterase  iso¬ 
zymes. 
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deduced  amino  acid  sequence  of  the  clone  pos¬ 
sesses  many  structural  characteristics  that  are 
highly  conserved  among  rat  pi  6.1  [11],  El 
(secretary  type)  [14],  and  human  hCE  [15], 
including  the  active  site  sequence  of  the  serine 
residue  (GESAGG),  and  4  cysteines  which  may 
be  involved  in  the  specific  disulfide  bond.  Fig.  2 
shows  the  diagrammatic  comparison  of  the  de¬ 
duced  amino  acid  sequence  of  rat  (RL1,  RH1 
and  RSI,  secretary  type)  and  human  HU1.  It  is 
well  known  that  proteins  which  are  retained  in 
the  ER  lumen  contain  the  retention  signal  at 
their  -COOH  terminus  of  the  tetrapeptide 
(KDEL-COOH)  [16].  Carboxylesterase  contains 
HXEL-COOH  as  the  terminal  ER-retention 
signal. 

7.  Sequence  identities  of  the  14  esterases/ 
lipases 

Table  5  summarizes  the  sequence  identities  of 
carboxylesterase,  acetylcholinesterase,  butyryl- 
cholinesterase  and  cholesterol  esterase.  These  4 
esterases  are  markedly  similar  in  terms  of  the 
characteristics  such  as  substrate  specificity.  The 
nucleotide  sequences  of  the  isozymes  of  these 
esterases  are  highly  homologous.  Based  on  the 
high  homology  and  similarity  of  the  characteris¬ 
tics,  we  tried  to  classify  carboxylesterase  iso¬ 
zymes  into  2  groups,  named  CES  1  and  CES  2. 
CES  1  contains  HU1  and  other  6  isozymes,  and 


CES  2  consists  of  Rabbit  2  and  AT  51. 
Acetylcholinesterase,  butyrylcholinesterase  and 
cholesterol  esterase  have  only  30%  homology 
with  HU1. 

8.  Conclusion 

Liver  microsomal  carboxylesterases  in  mam¬ 
mals  and  humans  play  an  important  role  in  drug 
and  lipid  metabolism  in  the  ER,  and  it  is 
noteworthy  that  the  isozymes  from  various  ani¬ 
mal  species  and  humans  examined  here  showed 
considerable  similarities  in  physical  and  immuno¬ 
logical  properties.  The  amino  acid  sequences  at 
the  N-terminals  and  the  active  site  of  the  carbox¬ 
ylesterase  isozymes  are  highly  homologous,  but 
not  similar  in  substrate  specificities.  The  reason 
for  the  interspecies  variation  may  be,  at  least  in 
part,  due  to  the  difference  in  the  amino  acid 
sequences  of  substrate  binding  site. 

Based  on  the  experimental  data  using  cDNA 
clones  of  various  carboxylesterases  in  our  labora¬ 
tory,  deduced  amino  acid  sequences  of  carbox¬ 
ylesterase  isozymes  were  compared  with  those  of 
acetylcholinesterase,  butyrylcholinesterase  and 
cholesterol  esterase  which  were  reported  in  the 
literature.  It  is  of  interest  that  the  sequences 
required  for  the  hydrolytic  capability  at  the 
active  site  of  all  of  these  esterases,  including 
carboxylesterase,  are  highly  conserved.  This  is  a 
common  structure  of  serine  enzyme  families 


Table  5 

Sequence  identities  of  the  14  esterase /lipase 


Enzyme  name 

Gene  symbol 

Trivial  name 

Species 

Homology  (% ) 

Carboxylesterase 

CES1 

HU1 

Human 

I  ()().() 

MH1 

Mouse 

78.5 

RH1 

Rat 

78.4 

Rabbit  1 

Rabbit 

77.3 

RL1 

Rat 

68.2 

RSI 

Rat 

66.9 

MSI 

Mouse 

64.0 

CES2 

Rabbit  2 

Rabbit 

45.8 

AT51 

Hamster 

44.0 

Acetylcholinesterase 

Human 

29.3 

T.  cal if o mica 

29.1 

Butyrylcholinesterase 

Human 

30.2 

Cholesterol  esterase 

Human 

29.5 

Rat 

28.0 
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which  are  responsible  for  the  hydrolysis  of  en¬ 
dogenous  and  exogenous  compounds.  Finally, 
the  studies  on  the  physiological  role  of  the 
carboxylesterases  at  the  molecular  level  can 
begin  to  be  studied.  Thus,  this  report  is  an  initial 
attempt  to  compare  the  characteristics  of  in¬ 
dividual  esterases  in  terms  of  the  respective 
cDNAs. 
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Abstract 

Paraoxonase  activities  (322  healthy  subjects)  measured  in  the  absence  of  ethylenediaminetetraacetic  acid 
(EDTA)  had  a  polymodal  distribution  profile  with  60%  of  the  subjects  in  the  low  activity  mode;  the  activity 
measured  in  the  presence  of  EDTA  had  a  unimodal  skewed  distribution.  Cholinesterase  (ChE)  activities  (365 
healthy  subjects)  had  a  unimodal,  slightly  skewed  distribution.  Patients  with  dementia  (74)  and  patients  with 
hyperlipidaemia  (159)  had  different  median  paraoxonase  and  ChE  activities  than  healthy  subjects  and  all  activity 
profiles  had  a  higher  skewness.  The  ChE  variants  usual  (UU),  fluoride  resistant  (FS)  and  atypical  (AA)  had  the 
same  affinity  for  the  studied  charged  and  uncharged  ligands.  The  variants  differed  in  rates  of  inhibition  by  the 
charged  organophosphates  and  carbamates. 

Keywords:  Human  serum  paraoxonases  and  cholinesterases;  Phenotypes;  Activity  distribution  profiles;  Relation  to 
diseases;  Interaction  with  ligands 


1.  Introduction 

Two  groups  of  esterases  react  with  organo- 
phosphorus  compounds:  phosphoric  triester  hy¬ 
drolases  and  serine  esterases.  Both  groups  act  on 
the  same  ester  bond  and  both  react  only  with 
organophosphorus  compounds  which  have  no 
free  -OH  group  on  the  phosphorus.  Phosphoric 
triester  hydrolases  have  only  recently  been  classi¬ 
fied  and  they  have  a  common  classification  num¬ 
ber  (EC  3.1.8)  [1].  Serine  esterases  have  no 
common  classification  number  and  the  group 
includes  carboxylic  ester  hydrolases  (such  as 
acetylcholinesterase  EC  3. 1.1.7,  butyrylcholin- 
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esterase  EC  3. 1.1.8  and  carboxylesterase  EC 

3. 1.1.1)  and  serine  endopeptidases  (such  as 
trypsin  EC  3.4.21.4  and  chymotrypsin  EC 

3.4.21.1)  [1]. 

Organophosphorus  compounds  are  substrates 
of  phosphoric  triester  hydrolases  and  inhibitors 
of  serine  esterases  (cf.  [2-4]).  Phosphorylation  of 
acetylcholinesterase  is  the  main  cause  for  their 
toxicity.  Butyrylcholinesterase  and  carboxylester¬ 
ase  are  also  phosphorylated  by  the  organophos¬ 
phates  acting  thereby  as  ‘scavangers’  for  these 
compounds.  Phosphoric  triester  hydrolases  are 
also  detoxifying  enzymes. 

The  phosphoric  triester  hydrolases  (EC  3. 1.8.1 
and  EC  3.1.8.2)  are  defined  as  enzymes  which  act 
on  organophosphorus  compounds  (including  es- 
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ters  of  phosphoric  and  phosphinic  acids)  and  on 
phosphorus  anhydride  bonds;  they  require  dival¬ 
ent  cations  for  activity  and  are  inhibited  by 
chelating  agents  [1],  The  2  phosphoric  triester 
hydrolases  are  often  named  paraoxonase  and 
DFPase  after  their  respective  substrates,  paraox- 
on  and  diisopropyl  fluorophospate  (DFP).  Some 
enzyme  sources  contain  2  phosphoric  triester 
hydrolases:  one  inhibited  by  chelating  agents  and 
the  other  insensitive  to  chelating  agents.  This  is 
also  the  case  with  the  paraoxonases  in  human 
sera:  one  is  inhibited  by  ethylenediaminetetra- 
acetic  acid  (EDTA)  and  the  other  is  insensitive 
to  EDTA.  The  existence  of  phosphoric  triester 
hydrolases  insensitive  to  chelating  agents  might 
require  a  broader  description  of  their  catalytic 
properties  in  the  Enzyme  Nomenclature. 

This  paper  deals  with  the  distribution  of  para¬ 
oxonase  (EC  3. 1.8.1)  and  cholinesterase  (ChE; 
EC  3. 1.1.8)  activities,  and  their  phenotypes,  in  a 
population  group  from  Zagreb,  Croatia,  and  with 
some  catalytic  properties  of  these  2  esterases. 
Activities  and  distribution  profiles  are  also  dis¬ 
cussed  in  relation  to  certain  diseases. 

2.  Paraoxonases 

Paraoxonase  activities  were  measured  in  a 
group  of  healthy  individuals  in  the  presence  and 
in  the  absence  of  EDTA,  and  the  results  are 
given  in  Table  1.  Under  the  applied  experimental 
conditions  at  pH  7.4  [5,6],  the  contribution  of  the 
EDTA-insensitive  activity  (v-ins)  amounted  on 
average  to  6.2%  of  the  total  activity  (v-tot). 


Because  the  contribution  was  small,  the  v-tot 
represented  well  the  EDTA-sensitive  enzyme  (v- 
sen).  When  paraoxonase  activities  are  measured 
at  higher  pH  (10-11)  the  contribution  of  v-ins  to 
the  total  activity  is  higher  [7]. 

The  distribution  of  v-tot  activities  was  poly- 
modal;  only  the  low  activity  mode  was  well 
separated  and  it  comprised  60%  individuals 
(Table  1).  Eckerson  et  al.  [8]  found  a  better 
separation  of  modes  when  v-tot  activities  were 
measured  in  the  presence  of  1.0  mM  NaCl  (at  pH 
10.5)  than  in  the  absence  of  NaCl;  under  these 
conditions  3  activity  modes  were  separated,  with 
46%  individuals  in  the  low  mode.  The  percent¬ 
age  of  individuals  in  the  low  activity  mode 
(obtained  from  measurements  under  different 
experimental  conditions)  ranged  from  45  to  61% 
as  reported  from  13  European  countries,  the 
USA  and  Canada  [7]. 

The  distribution  profile  of  v-ins  activities  was 
unimodal  but  skewed  (Table  1).  The  contribu¬ 
tion  of  v-ins  to  the  v-tot  activity  was  greater  in 
the  low  activity  mode  (average  13%)  than  in  the 
high  activity  mode  (average  1-2%).  No  correla¬ 
tion  was  found  between  the  v-ins  and  v-sen 
hydrolysis  of  paraoxon  (r  =  0.1- -0.4;  [5,6])  con¬ 
firming  that  paraoxon  was  hydrolysed  by  2  differ¬ 
ent  enzymes  in  human  sera  [7]. 

Studies  on  the  substrate  specificity  of  paraox¬ 
onases,  concerning  their  interaction  with  car¬ 
boxylic  acid  esters,  have  so  far  failed  to  result  in 
any  firm  conclusion.  Eckerson  et  al.  [8]  obtained 
a  high  correlation  coefficient  between  the  rates 
of  hydrolysis  (v-tot)  of  phenylacetate  and  para- 


Table  1 

Paraoxonase  activities  in  serum  samples  from  322  individuals  from  Zagreb,  Croatia 


v-tot 

(mmol  min  ”1  1”') 

v-ins 

Median 

0.120 

0.00741 

Range 

0.028-0.767 

0.00077-0.0322 

Distribution  profile 

Polymodal 

Unimodal 

Skewness  coefficient 

1.2 

0.76 

Nadir 

0.180 

- 

Individuals  in 

low  act.  mode 

60% 

- 

Females  =  151;  males  =  171;  age  =  16-82  years;  median  age  =  34  years,  v-tot  and  v-ins  denote  activities  measured  in  the  absence 
and  presence  of  EDTA  (1.0  mM),  in  Tris-HCl  buffer,  pH  7.4,  at  37  °C,  with  paraoxon  (5.0  mM)  as  substrate. 
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oxon  (r  =  0.8-0.9),  indicating  that  the  2  sub¬ 
strates  were  hydrolysed  by  the  same  enzyme. 
They  attributed  it  to  arylesterase  (EC  3. 1.1. 2), 
whose  characteristic  substrate  is  phenylacetate 
[1].  Contrary  to  that,  Geldmacher  and  Diepgen 
[7]  and  Reiner  et  al.  [5,6]  obtained  a  low  correla¬ 
tion  between  paraoxon  and  phenylacetate  rates 
of  hydrolysis  (r  =  0.1 -0.5)  indicating  that  differ¬ 
ent  enzymes  hydrolysed  the  2  substrates.  How¬ 
ever,  the  EDTA-sensitive  rates  of  hydrolysis  of 
/3-naphthylacetate  and  paraoxon  correlated  well 
(r  =  0.85)  [6].  It  seems  that  the  substrate  specifi¬ 
cities  of  paraoxonases  and  arylesterases  partially 
overlap. 

Phenylacetate  and  /3-naphthylacetate  are  well 
hydrolysed  by  human  sera  and  the  bulk  of 
activities  can  be  inhibited  by  EDTA  (average 
inhibition  99  and  86%  respectively,  at  pH  7.4) 
[6].  This  indicated  that  each  substrate  was  hydro¬ 
lysed  by  2  enzymes.  The  v-ins  activities  were 
shown  to  have  catalytic  properties  of  a  serine 
esterase,  i.e.  the  activities  were  inhibited  by 
organophosphorous  compound  and  carbamates 
(Tabun,  iso-OMPA,  eserine)  and  inhibition  fol¬ 
lowed  the  kinetics  of  a  time-dependent  reaction 
[6], 

3.  Cholinesterases 

ChE  activities  were  measured  in  a  group  of 
healthy  individuals  using  acetylthiocholine 
(ATCh)  and  benzoylcholine  (BzCh)  as  substrates 
(Table  2).  The  distribution  profile  of  both  ac¬ 
tivities  was  unimodal,  but  slightly  skewed.  Both 


skewness  coefficients  were  positive  numbers 
which  means  that  the  curves  were  skewed  to¬ 
wards  higher  activities. 

The  ChE  was  phenotyped  by  measuring  the 
inhibition  of  BzCh  hydrolysis  with  dibucaine, 
fluoride  and  (2-hydroxy-5-phenylbenzyl)-tri- 
methylammonium  bromide  (Ro-02-0683)  [9,10]. 
A  group  of  441  individuals  from  Zagreb  (which 
include  all  subjects  from  Table  2),  had  89%  of 
the  usual  (UU)  phenotype  while  the  other  11% 
were  UA,  UF,  AF,  AK  and  FF  phenotypes 
(Table  2  and  [11,12]).  The  phenotypes  other  than 
UU  have  lower  activities  than  the  UU.  The 
skewness  of  the  ChE  profiles  towards  higher 
activities  therefore  can  not  be  attributed  to  the 
presence  of  different  phenotypes. 

No  atypical  or  silent  phenotypes  were  ob¬ 
served  in  the  above  group.  However,  4  hospital¬ 
ized  patients,  who  had  been  given  suc- 
cinylcholine  as  a  muscle  relaxant  and  developed 
prolonged  apnea,  were  also  phenotyped.  In  these 
patients  and  their  family  members  (total  of  24 
individuals),  6  were  of  the  atypical  (AA)  pheno¬ 
type,  7  were  UA  and  11  were  UU  [12]. 

The  interaction  of  ChE  variants  with  sub¬ 
strates  and  inhibitors  was  studied  on  3  serum 
samples  belonging  to  the  UU,  fluoride  resistant 
(FS)  and  AA  ChE  phenotypes  (Table  3  and 
[13,14]).  The  enzyme /substrate  reaction  deviated 
from  the  Michaelis  kinetics.  The  Hill  coefficients 
ranged  from  0.45  to  0.72  with  no  obvious  differ¬ 
ence  either  between  the  phenotypes  or  between 
the  2  substrates,  ATCh  and  PTCh.  The  same 
holds  for  the  Michaelis  constants  which  ranged 


Table  2 


Cholinesterase  activities  (v)  in  serum  samples  from  365  individuals  from  Zagreb,  Croatia 

ATCh 

(v/mmol  min”1  l”1) 

BzCh 

(v/mmol  min-1 

r1) 

Median 

Range 

Distribution  profile 

Skewness  coefficient 

Phenotypes 

Frequency  (%)a 

2.56 

1.07-4.69 

Unimodal 

0.38 

UU  UA  UF  AF  AK  FF 

89  5.9  3.6  0.46  0.46  0.23 

0.80 

0.33-1.54 

Unimodal 

0.31 

Females  =  170;  males  =  195;  age  =  16-89  years;  median  age  =  40  years. 
25°C  with  ATCh  (5.0  mM)  and  BzCh  (0.05  mM)  as  substrates. 

Activities  were  measured  in  phosphate  buffer,  pH  7.4,  at 

a  Ref.  [13]. 
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Table  3 

Kinetic  constants  for  the  interaction  of  UU,  FS  and  AA 
serum  ChE  variants  with  substrates  and  inhibitors  measured 
in  phosphate  buffer,  pH  7.4,  at  25°C 


UU 

FS 

AA 

Substrates 

ATCh  Km 

0.56 

0.71 

0.96 

V... 

2.9 

1.4 

1.1 

Hill  coeff. 

0.45 

0.57 

0.71 

PTCh  Km 

0.76 

0.70 

0.57 

u,. 

5.3 

2.5 

1.5 

Hill  coeff. 

0.64 

0.63 

0.72 

Reversible  inhibitors 
Charged:  K( 

HI-6  Ky 

0.23:I 

0.56 

0.47" 

PAM-2  K. 

0.88 11 

1.5 

1.1" 

Uncharged:  K; 

4.4'-Bp"/Ci 

1.6" 

1.3 

1.8" 

K7 

5.7 

4.8 

3.2 

Progressive  inhibitors 

Charged: 

Phosphostigmine 

38.0" 

9.7 

0.81" 

Ro  02-0683 

8.3 h 

4.7 

0.05h 

Uncharged: 

Paraoxon 

3.0a 

2.4 

3.1 

VX 

2.1 a 

0.67 

0.10" 

Substrates:  acetylthiocholine,  ATCh;  propionylthiocholine, 
PTCh.  Inhibitors:  oximes:  HI-6  and  PAM-2;  4,4'-bipyridine; 
organophosphates:  phosphostigmine,  VX  and  paraoxon: 
carbamate,  Ro  02-0683. 

Constants  (units):  Km  (mM);  Vmix  (mmol  min-1  1  ');  enzyme/ 
inhibitor  dissociation  constants  X,  and  K  '  (mM);  rate  con¬ 
stant  of  inhibition  k.  (1  /xmol  1  min-1). 

:i  Ref.  [14]. 
b  Ref.  [18]. 

from  0.56  to  0.96  mM.  The  Fmax  values  for  single 
serum  samples  of  different  phenotypes  cannot  be 
compared,  because  activity  ranges  of  phenotypes 
overlap  [9,10]. 

Dissociation  constants  for  reversible  inhibition 
were  calculated  from  the  effect  of  substrate 
concentration  upon  the  degree  of  inhibition  (cf. 
[4]).  All  3  inhibitors  were  competitive  reversible 
inhibitors.  HI-6  was  a  better  inhibitor  for  all  3 
phenotypes  than  PAM-2  or  4,4'-bipyridine  (4,4'- 
BP  (Table  3).  The  inhibition  of  4,4'-BP  revealed 
2  dissociation  constants  obtained  from  inhibitor/ 
substrate  competition  at  low  (0.02-0.25  mM)  and 
high  (1-10  mM)  substrate  concentrations,  in¬ 
dicating  2  binding  sites  for  4,4' -BP  on  all  3  ChE 
variants.  The  same  was  shown  for  binding  of 


4,4' -BP  and  the  oximes  to  acetylcholinesterase 
[15,16].  Inhibition  by  HI-6  and  PAM-2  could  be 
measured  only  at  low  substrate  concentrations 
due  to  the  interference  of  the  non-enzymic 
oxime /ATCh  reaction  [17].  A  given  reversible 
inhibitor  had  about  the  same  affinity  for  all  3 
ChE  variants  irrespective  of  whether  the  com¬ 
pound  was  charged  or  uncharged  (Table  3). 

Phosphostigmine  and  Ro  02-0683  are  progres¬ 
sive  ChE  inhibitors.  Both  compounds  have  a 
quaternary  nitrogen  in  the  leaving  group  and 
both  were  1-2  orders  of  magnitude  better  in¬ 
hibitors  of  the  UU  than  FS  or  AA  phenotypes 
[13,14,18].  VX,  with  a  tertiary  nitrogen  in  the 
leaving  group  (which  might  be  partially  proton- 
ated  at  pH  7.4),  exhibited  the  same  inhibition 
pattern.  The  uncharged  paraoxon  reacted  equally 
fast  with  all  3  variants  [14]. 

Positively  charged  compounds  are  considered 
to  be  better  reactants  for  the  UU  than  the  AA 
ChE  phenotype  [19].  Our  results  indicated  that  a 
positive  charge  did  not  have  the  same  effect  on 
all  catalytic  steps  in  the  enzyme /ligand  reaction 
(Table  3).  Expressed  in  terms  of  Km  or  K- ,  the  2 
charged  substrates  and  2  charged  inhibitors  had 
about  the  same  affinity  for  the  3  ChE  variants. 
However,  the  difference  between  variants 
became  very  obvious  when  the  reaction  was 
defined  in  terms  of  the  rate  constants  of  phos¬ 
phorylation  or  carbamylation  of  the  enzyme. 

4.  Paraoxonase  and  ChE  activities  related  to 
disease 

Many  studies  have  been  conducted  on  serum 
paraoxonase  and  ChE  activities  as  possible 
markers  of  certain  diseases  [9,10,20-22].  Studies 
on  serum  paraoxonase  referred  so  far  only  to 
v-tot  activities.  We  have  studied  v-tot  and  v-ins 
paraoxonase  activities,  and  ChE  activities,  in 
patients  with  dementia  and  patients  with  hy- 
perlipidaemia  [23,24]. 

In  a  group  of  74  demented  elderly  patients 
(Alzheimer  type  dementia,  multi-infarct  demen¬ 
tia,  mixed  type  dementia;  above  60  years)  the 
median  v-ins  and  v-tot  paraoxonase  activities 
were  lower  than  in  a  group  of  non-diseased 
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individuals  of  the  same  age  [24].  Cholinesterase 
activities  measured  with  BzCh  as  substrate  were 
lower  in  the  demented  than  in  the  non-demented 
group  (72  subjects;  above  60  years)  (activities: 
0.61  vs.  0.80)  and  the  activity  distribution  profiles 
had  a  higher  skewness  coefficient  in  the  de¬ 
mented  than  in  the  non-demented  elderly  (skew¬ 
ness  coefficient:  0.91  vs.  0.24).  All  demented 
subjects  were  of  the  UU  ChE  phenotype. 

In  a  group  of  159  patients  with  hyper- 
lipidaemia  (17-81  years)  the  median  v-ins  and 
v-tot  paraoxonase  activities  were  0.065  and 
0.00433  [23]  which  is  lower  than  in  a  non-dis- 
eased  population  (Table  1).  The  distribution 
profile  of  v-tot  was  polymodal  with  72%  patients 
in  the  low  activity  mode,  which  is  more  than  in  a 
non-diseased  population  (Table  1).  Cholinester¬ 
ase  activities  were  measured  with  prop- 
ionylthiocholine  as  substrate  (1.0  mM,  phosphate 
buffer  pH  7.4,  25°C)  in  108  patients  and  com¬ 
pared  to  activities  obtained  in  88  healthy  sub¬ 
jects.  In  patients  with  hyperlipidaemia  both  the 
median  serum  ChE  activity  and  the  skewness  of 
the  distribution  profile  were  higher  than  in  the 
non-diseased  group  (activities:  5.58  vs.  3.40; 
skewness  coefficient:  0.87  vs.  0.52). 

When  comparing  paraoxonase  or  ChE  ac¬ 
tivities,  one  also  has  to  take  into  account  the  age 
and  sex  of  the  studied  group.  Cholinesterase 
activities  are  known  to  vary  according  to  sex  and 
age  (cf.  [9,10]).  Data  for  paraoxonase  activities, 
concerning  sex  and  age,  are  ambiguous  (cf.  [7]). 
We  found  no  difference  concerning  sex  for  the  2 
paraoxonases.  However,  when  the  group  shown 
in  Table  1  was  subdivided  according  to  age,  the 
60-82  years  subjects  (N  =  46)  had  lower  v-tot 
and  v-ins  activities  than  the  16-29  years  (N  = 
109)  or  30-59  years  (N  =  167).  A  more  detailed 
analysis  concerning  age  would  require  groups 
which  are  equal  in  size  and  greater  in  number. 

It  follows  from  these  results  that  dementia  and 
hyperlipidaemia  are  reflected  in  paraoxonase  and 
ChE  activity  distribution  profiles  and  in  their 
median  activities.  However,  the  activity  ranges 
between  the  diseased  and  non-diseased  popula¬ 
tions  grossly  overlapped,  and  so  far  it  does  not 
seem  that  a  given  enzyme  activity  can  be  taken 
as  an  indicator  of  either  of  these  diseases. 
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Abstract 

The  availability  of  a  crystal  structure  and  comparative  sequences  of  the  cholinesterases  has  provided  templates 
suitable  for  analyzing  the  molecular  bases  of  specificity  of  reversible  inhibitors,  carbamoylating  agents  and 
organophosphates.  Site-specific  mutagenesis  enables  one  to  modify  the  structures  of  both  the  binding  site  and 
peptide  ligand  as  well  as  create  chimeras  reflecting  one  type  of  esterase  substituted  in  the  template  of  another. 
Herein  we  define  the  bases  for  substrate  specificity  of  carboxylesters,  the  stereospecificity  of  enantiomeric 
alkylphosphonates  and  the  selectivity  of  tricyclic  aromatic  compounds  in  the  active  center  of  cholinesterase.  We  also 
describe  the  binding  loci  of  the  peripheral  site  and  changes  in  catalytic  parameters  induced  by  peripheral  site 
ligands,  using  the  peptide  fasciculin. 

Keywords:  Acetylcholinesterase;  Cholinesterase;  Serine  hydrolase;  Organophosphates;  Fasciculin;  Enantiomeric 
inhibitors 


1.  Introduction 

Sequencing  of  the  cholinesterases  and  the 
cloning  of  their  genes  a  decade  ago  revealed  that 
these  enzymes  defined  a  family  of  serine  hydro¬ 
lases  distinct  from  the  well  characterized  pan¬ 
creatic  protease  and  subtilisin  families  of  en¬ 
zymes  [1].  The  diversity  in  this  hydrolase  family 
is  not  only  reflected  in  enzymes  which  hydrolyze 
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complex  ester  structures  such  as  juvenile  hor¬ 
mone  and  lysophospholipids,  but  the  family  also 
includes  enzymes  with  distinct  differences  in 
mechanism,  the  epoxide  hydrolases  and  dehydro- 
halogenases  [2,3].  Even  more  remarkable  is  the 
observation  that  several  proteins  without  hydro¬ 
lase  function  such  as  thyroglobulin,  the  tactins 
and  the  neuroligins  show  sequence  identity  with 
the  hydrolases  in  this  family  [3,4].  Solutions  of 
the  crystal  structures  of  acetylcholinesterase 
(AChE)  and  the  fungal  lipases  revealed  a  struc¬ 
tural  motif,  termed  the  alp  hydrolase  fold  [2,5]. 
Surprisingly,  this  motif  is  also  shared  by  several 
enzymes  that  possess  no  discernible  sequence 
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identity  with  the  cholinesterases  [2,3].  Hence, 
this  family  continues  to  enlarge,  and  the  a/p 
hydrolase  fold  emerges  as  a  common  structural 
motif  associated  with  a  wide  variety  of  catalytic 
and  surface  contact  functions. 

The  catalytic  steps  in  ester  hydrolysis  involve 
an  initial  transacylation  step  in  which  the  acyl 
group  is  transferred  from  substrate  to  the  serine 
on  the  enzyme  with  the  departure  of  the  alcohol 
moiety  of  the  substrate  [3,6,7].  This  is  followed 
by  water  addition  with  the  concomitant  deacyla¬ 
tion  of  the  enzyme.  Of  importance  is  that  both 
acylation  and  deacylation  proceed  through  tetra¬ 
hedral  transition  states  which  are  facilitated  by 
hydrogen  bonding  from  amide  backbone  hydro¬ 
gens  to  the  carbonyl  oxygen  in  the  oxyanion 
hole. 

The  solution  of  the  crystal  structure  of  the 
enzyme  [5]  has  revealed  that  the  catalytic  serine 
and  the  accompanying  histidine  and  glutamate  in 
the  catalytic  triad  lie  centrosymmetric  to  each 
subunit  in  the  molecule  at  the  base  of  a  deep 
gorge.  The  crystal  structure,  sequence  compari¬ 
sons  and  site-specific  mutagenesis  now  enable 
one  to  define  distinct  residues  and  discrete  do¬ 
mains  which  contribute  to  overall  specificity  for 
substrates  and  inhibitors.  Since  AChE  and 
butyrylcholinesterase  (BuChE)  show  well  de¬ 
fined  differences  in  specificity,  substitutions  can 


be  developed  from  either  template.  Table  1 
outlines  a  series  of  selective  and  non-selective 
inhibitors  of  the  cholinesterases  and  the  residues 
in  the  enzyme  which  dictate  specificity. 

2.  Specificity  governed  by  acyl  pocket 
dimensions 

The  acyl  pocket  in  AChE  is  outlined  by  the 
side  chains  of  two  phenylalanines,  and  F?y7, 
in  the  mammalian  enzyme;  in  BuChE  the  res¬ 
idues  at  corresponding  positions  are  leucine  (L) 
and  isoleucine  (I),  therein  occupying  much  small¬ 
er  volumes.  Substitution  of  L  for  F  at  the  295 
position  provides  a  sufficient  reduction  in  side 
chain  volume  to  allow  butyrylcholine  to  become 
an  efficient  substrate,  while  substitution  of  I  or  V 
for  F  at  the  297  position  changes  the  kinetic 
profile  of  the  enzyme  from  one  that  shows 
substrate  inhibition  to  one  of  substrate  activation 
(Fig.  1,  Table  1).  Substrate  inhibition  is  charac¬ 
teristic  of  AChE,  whereas  substrate  activation  is 
characteristic  of  BuChE  [8-10].  Hence,  the  two 
phenylalanines  outlining  the  acyl  pocket  play 
distinct  roles  in  governing  the  catalytic  profile  of 
the  cholinesterases.  The  carboxylesters  possess 
trigonal,  planar  acyl  groups,  and  by  extending 
these  observations  to  tetrahedral  substrates  such 


Table  1 

Cholinesterase  domains  affecting  ligand  specificity 


vSubslrate 

Selective  inhibitors 

AChE /BuChE  preference  AChE  residues'1 

1.  Acyl  pocket 
(active  center) 

Critical  to  acyl  group 
dimensions;  influences 
substrate  inhibition 

IsoOMPA 

BuChE 

Phenylalanine-F^,,^, 
Phenylalanine-F,i;7(  ,W) 

2.  Choline  subsite 

Specificity  neutral 

Ethopropazine 

BuChE 

Tyrosinc-Y,„(„()) 

(active  center) 

versus  cationic  esters 

Huperzine 

AChE 

Tryptophan-WKh(fl4)h 
Phenylalanine-F44l)(44,)h 
Glutamate-E,,,,,  iw)h 

3.  Rim  of  the  gorge 

Little  direct  influence; 

Fasciculin 

AChE 

Tyrosine-Y,,.-,... 

(peripheral  site) 

only  allosteric 

Propidium 

AChE 

Tyrosine-Y,  ,4(  ,, ,, 

4.  Rim  of  the  gorge 
and  choline  subsite 

Similar  to  2  and  3 

BW284c51 

AChE 

Tryptophan-W2N(i(27tJ) 
Asparlate-D74(71[h 
Residues  in  domains 

2  and  3 

The  first  subscript 
numbering  system. 
b  Conserved  residues 

corresponds  to  the  numbering  system  for  mammalian  AChE;  the  number 

in  AChE  and  BuChE. 

in  parentheses  is  the  Torpedo 
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Fig.  1.  Rates  of  acetylthiocholine  hydrolysis  as  a  function  of  substrate  concentration.  Left  hand  panel;  Wild-type  Mouse  AChE 
(•);  Wild-type  Mouse  BuChE  (O).  Right  hand  panel:  Mutant  F295L  AChE  (•);  Mutant  F297I  AChE  (O).  The  catalytic  constants 
obtained  from  triplicate  kinetic  analyses  and  enzyme  titrations  are  detailed  in  Table  1.  Data  are  from  Refs.  [9,10]. 


as  the  alkylphosphonates,  we  can  gain  additional 
information  on  the  specificity  of  enzyme  acyla¬ 
tion.  Deacylation  of  the  phosphonyl  enzyme 
conjugates  occurs  slowly  and  may  be  studied  as  a 
separate  step. 

Berman  and  colleagues  have  found  that  a 
series  of  alkoxyl  methyl  phosphonylthiocholines 
show  a  200-  to  300-fold  preference  with  the  Sp- 
isomer  over  the  Rp -isomer  for  Torpedo  AChE 
[11,12].  A  similar  preference  is  seen  with  the 
mammalian  enzyme  and,  through  site-specific 
mutagenesis,  we  are  able  to  define  the  structural 
determinants  for  enantiomeric  specificity.  It  ap¬ 
pears  that  the  phosphonyl  oxygen  must  be  placed 
in  the  oxyanion  hole  and  the  leaving  group 
directed  out  of  the  gorge  to  maximize  acylation 
rates.  A  knowledge  of  the  absolute  stereochem¬ 
istry  of  the  phosphonates  then  reveals  that  the 
Sp-enantiomer  positions  its  bulky  alkoxyl  group 
toward  the  choline  binding  site,  while  the  small 
methyl  group  occupies  the  more  space  restrictive 
acyl  pocket.  On  the  other  hand,  the  same  con¬ 
straints  on  the  positioning  of  the  phosphonyl 
oxygen  and  the  leaving  group  require  the  bulky 
alkoxy  group  of  the  Rp -enantiomer  to  be  ori¬ 
ented  towards  the  acyl  pocket  where  steric  limi¬ 


tations  do  not  allow  an  optimal  fit.  This  orienta¬ 
tion  is  consistent  with  the  kinetic  differences  in 
Sp-  and  R p -acylation,  for  as  we  enlarge  the  acyl 
pocket,  we  find  that  the  Rp-isomer  becomes  a 
more  efficient  acylating  agent  [10]  (Table  2). 
Other  studies  which  compare  cationic  thioch- 
oline  and  neutral  thioalkyl  leaving  groups  of 
these  phosphonates  are  also  consistent  with  this 
interpretation  for  orientation  (N.A.  Hosea,  un¬ 
published  observations).  Fig.  2  shows  the  orienta¬ 
tions  of  Sp-  and  Rp-cycloheptyl  methylphos- 
phonylthiocholine  when  reversibly  bound  to 
AChE  and  F297I  AChE,  respectively. 

3.  The  choline  binding  site  in  the  active  center 

Tricyclic  phenothiazine  and  acridine  analogues 
are  effective  inhibitors  and  appear  to  associate 
with  the  choline  subsite,  located  within  the  active 
center  of  the  cholinesterases  [5,9].  This  region  is 
also  bounded  by  several  aromatic  side  chains. 
While  most  tricyclic  compounds  do  not  exhibit 
a  preference  for  AChE  over  BuChE,  etho- 
propazine  is  a  specific  BuChE  inhibitor  with  a 
1800-fold  preference  over  AChE  (Table  3)  [9]. 
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Table  2 

Influence  of  acyl  pocket  dimensions  on  substrate  specificity 

Acetylthiocholine  Bulvrylthiocholine  Cycloheptyl  methyl 


Kn 

b 

/Css 

b 

phosphonothiocholine 

*.Jr 

AChE 

46 

140  X  103 

13 

0.21 

93 

1.1  x  103 

7.1 

0.48 

1.8  X  10s 

0.008  X  10" 

BuChE 

23 

40  X  10- 

1.0 

3.9 

55 

37  X  103 

1.7 

2.0 

4.7  X  10K 

0.067  x  10s 

F,„,L 

52 

44  X  10  ’ 

67 

<0.2 

10 

12  x  IO3 

23 

0.40 

0.66  x  10  s 

0.087  X  10s 

F;,7I 

170 

15  X  10- 

43 

1.8 

82 

60  x  103 

2.4 

1.7 

0.16  x  10  s 

0.62  X  10" 

Ka  (fiM),  k 

„„  (min'"),  K„  (inM),  , 

kit  (M  1 

min “')  and  b  (dimensionless)  wei 

re  determined  as  described  in  Refs. 

[10,14]. 

Fig.  2.  Proposed  orientations  of  Rp-  and  5p-cycIoheptylmethyl-phosphonylthiochoIine  in  the  active  center  of  mammalian  AChE. 
The  model  was  developed  from  the  coordinates  of  Torpedo  California  AChE  [5].  Shown  are  the  side  chains  of  several  of  the 
catalytically  (S203,  H447  and  E334)  and  structurally  (F21JS,  F2y7,  WKh,  F337,  G121,  G122.  E2()2,  D74)  important  residues  in  the  active 
center.  In  both  enantiomers  the  phosphonyl  oxygen  is  directed  back  towards  the  plane  of  the  paper  forming  hydrogen  bonds  with 
the  amide  backbone  hydrogens  of  Gl21,  Gl22  and  A2()J.  The  thiocholine  leaving  group  is  directed  out  of  the  gorge  toward  the 
reader.  The  Sp-enantiomer  is  docked  with  the  wild-type  sequence  and  the  /?p-enantiomcr  docked  with  the  F,„d  mutant. 


Since  BuChE  and  AChE  differ  by  having  alanine 
versus  tyrosine  or  phenylalanine  at  the  337 
position,  the  basis  for  this  specificity  might  arise 
from  steric  occlusion  between  the  tyrosine  or 
phenylalanine  side  chain  at  position  337  on 
AChE  and  the  exocylic  amine  containing  side 


chain  on  ethopropazine.  Substitution  of  alanine 
for  tyrosine  at  this  position  in  AChE  confers  high 
affinity  for  ethopropazine  binding  to  AChE  sub¬ 
stituted  at  a  single  position.  In  fact,  the  change  in 
energy  (AAG)  is  remarkably  similar  to  the 
AChE-BuChE  difference  (Table  3).  Docking  of 


Table  3 

Specificity  at  the  choline  binding  site'1 


Ethopropazine 

Kd  (nM) 

AAG  (kcal) 

Mouse  BuChE  Wild  Type 

61 

1.0 

0 

Mouse  AChE  Wild  Type 

110  000 

1800 

4.5 

YH7A  AChE  Mutant 

41 

2700 

4.7 

a  Mammalian  AChE  has  tyrosine  (Y)  at  the  337  position,  while  BuChE  has  alanine.  AAG  was  calculated  from  the  ratio  of 
dissociation  constants. 
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the  ethopropazine  molecule  in  a  BuChE  tem¬ 
plate  and  energy  minimization  show  that  the 
diethylaminoisopropyl  moiety  occupies  the  same 
region  as  would  the  phenyl  ring  at  position  337  in 
AChE  [9].  Hence,  the  specificity  difference  for 
this  widely  used  inhibitor  results  from  steric 
hindrance  by  a  single  aromatic  side  chain. 

4.  Fasciculin  and  the  peripheral  site  on  AChE 

A  peripheral  site  of  inhibitor  binding  to  AChE 
was  defined  many  years  ago  on  the  basis  of 
steady-state  kinetics  [13,14]  and  by  direct  titra¬ 
tion  with  propidium  [14].  This  site  is  also 
believed  to  be  the  locus  through  which  substrate 
inhibition  is  allosterically  transmitted  to  the 
active  center  [15].  A  family  of  peptides  of  6750 
Da  found  in  the  venom  of  mambas,  termed  the 
fasciculins,  also  appear  to  bind  to  the  peripheral 
site  on  AChE  with  high  affinity,  but  they  are 
ineffective  inhibitors  of  BuChE.  Modification  of 
residues  comprising  the  peripheral  site  at  the  rim 
of  the  gorge  and  the  active  center  deep  within 
the  gorge  shows  that  only  those  residues  at  the 
rim  of  the  gorge  appreciably  affect  fasciculin 
binding  [16].  In  fact,  substitutions  of  R  for  W286, 
N  for  Y72  and  Q  for  Y124  result  in  a  large 
reduction  of  fasciculin  affinity  ( Kd  =  2.3  pM  vs. 
220  /xM).  These  substitutions  reflect  BuChE- 
AChE  sequence  differences.  This  increase  in  Kd 
is  equivalent  to  11  kcal  of  free  energy  and  is 
exactly  the  same  as  the  energy  difference  seen 
between  AChE  and  BuChE  (Table  4). 

By  contrast,  modification  of  a  tryptophan  at 
the  base  of  the  gorge,  W86,  results  in  unusual  and 
intriguing  kinetic  behavior  for  the  fasciculin 
complex  [17].  In  the  uncomplexed  enzyme,  the 
substitutions  of  tyrosine,  phenylalanine  and 
alanine  for  the  tryptophan  result  in  progressive 
reductions  in  catalytic  efficiency,  kcJKm.  How¬ 
ever,  the  fractional  inhibition  of  ACh  catalysis  by 
fasciculin  is  proportionally  decreased  in  the  re¬ 
spective  fasciculin  mutant-AChE  complexes. 
Hence,  in  no  case  does  saturating  fasciculin 
result  in  100%  inhibition  of  catalysis,  but  frac¬ 
tional  inhibition  is  greatest  with  the  more  active 
mutants.  In  fact,  the  fasciculin  complexes  of  the 
various  enzymes  mutated  at  position  86  have 
relatively  similar  catalytic  efficiencies. 


Table  4 

Dissociation  constants  for  fasciculin  with  wild-type  and  mu¬ 
tant  acetylcholinesterases  and  butyrylcholinesterase 


Enzyme 

K,  (pM) 

AChE  (wild  type) 

2.3  ±  0.7 

F295L 

16  ±8 

F  E 

*297 1 

57  ±15 

f297y 

7.9  ±1.7 

f,J8o 

7.9  ±  1.7 

Y337A 

4.2  ±1.7 

D74N 

43  ±7 

Y124Q 

248  ±  57 

y72n 

7800  ±  900 

w286r 

2  100  000  ±  600  000 

Y72N,Y124Q 

72  000  ±  19  000 

Y124Q,W286R 

8  500  000  ±3  100  000 

Y72N,W,86R 

170  000  000  ±66  000  000 

Y72N,Y124Q,W286R 

235  000  000  ±60  000  000 

BuChE  (wild  type) 

210  000  000  ±  98  000  000 

If  a  neutral  and  less  efficiently  catalyzed  sub¬ 
strate  such  as  p-nitrophenylacetate  is  used  in¬ 
stead  of  acetylthiocholine,  fractional  inhibition 
by  fasciculin  is  diminished.  Moreover,  fasciculin 
is  a  less  effective  inhibitor  of  p-nitrophenylace- 
tate  hydrolysis  by  the  mutant  enzymes,  and  for 
the  fasciculin-W86A  AChE  complex  is  a  more 
efficient  catalyst  than  is  W86A  AChE  alone. 
Hence,  for  this  mutant  enzyme  of  diminished 
catalytic  efficiency,  fasciculin  behaves  as  an  ac¬ 
tivator  rather  than  an  inhibitor  [17]. 

These  data  not  only  reveal  the  surface  of 
fasciculin  binding  on  the  enzyme,  but  also  con¬ 
firm  previous  results  with  diisopropylfluoro- 
phosphate  labeling  in  which  the  gorge  remains 
open,  or  partially  open,  in  the  fasciculin  complex 
[18].  A  more  detailed  kinetic  analysis  shows  that 
fasciculin  may  gate  entry  to  the  gorge  for  those 
substrates  whose  catalysis  is  limited  or  near-lim¬ 
ited  by  diffusion.  In  the  case  of  poorer  substrates, 
such  as  p-nitrophenylacetate,  whose  catalysis  is 
limited  by  substrate  orientation  or  a  similar 
unimolecular  isomerization  step  [6],  substrate 
entry  is  not  rate  limiting  nor  does  it  become  rate 
limiting  in  the  presence  of  fasciculin.  Hence,  the 
primary  influence  of  fasciculin  for  these  sub¬ 
strates  is  to  induce  a  conformational  change 
which  affects  chemical  reactivity  and  orientation 
of  the  bound  substrate.  In  most  cases  this  di¬ 
minishes  catalytic  efficiency,  except  for  the  W86 A 


458 


P.  Taylor  et  al.  /  Toxicology  Letters  82183  (1995)  453-458 


mutation  where  catalysis  of  p-nitrophenylacetate 
is  enhanced  slightly. 

The  binding  of  propidium  at  a  peripheral  site 
has  also  been  shown  to  affect  the  conformation 
of  the  active  center  and  catalytic  efficiency  of 
AChE  [3].  Some  of  the  residues  involved  in 
allosteric  control  by  propidium  have  also  been 
defined  [19]. 

A  knowledge  of  the  structures  of  fasciculin  and 
the  cholinesterases  enables  one  through  muta¬ 
genesis  to  analyze  which  side  chains  in  peptide 
and  protein  are  energetically  coupled  in  the 
formation  of  the  complex.  This  approach  should 
distinguish  which  residues  in  fasciculin  contribute 
to  formation  of  the  surface  of  interaction,  to 
alterations  in  kinetics  through  steric  constraints 
or  charge  repulsion,  and  to  inducing  conforma¬ 
tional  changes  in  AChE.  Hence,  the  wealth  of 
natural  and  synthetic  inhibitors  of  the  cholines¬ 
terases  will  continue  to  yield  important  molecu¬ 
lar  details  on  the  function  of  this  family  of 
enzymes. 
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Abstract 

The  identification  of  neuropathy  target  esterase  (NTE)  as  the  site  for  initiation  of  organophosphorus-induced 
delayed  polyneuropathy  (OPIDP)  has  led  to  informative  acute  and  chronic  neurotoxicity  tests  (adopted  by  OECD 
and  EPA),  to  structure /activity  and  in  vitro/in  vivo  predictions,  and  to  a  sound  basis  for  extrapolations  to  man. 
Purification  of  the  sodium  dodecyl  sulphate  (SDS)-denatured  155-kDa  sub-unit  of  NTE  has  enabled  partial 
sequencing  and  molecular  biological  studies.  A  MAb  to  the  chicken  brain  sub-unit  and  PAbs  to  synthetic  peptides 
have  been  raised:  preliminary  experiments  suggest  that  one  is  effective  for  immunohistochemistry  of  frozen  tissue. 
cDNA  libraries  are  being  screened  with  synthetic  oligonucleotides,  polymerase  chain  reaction  (PCR)-developed 
primers,  and  with  Ab  in  order  to  obtain  cloned  NTE.  Previous  studies  of  NTE  in  vivo  have  not  revealed  its  normal 
physiological  function  or  the  route  from  inhibition  to  degeneration  of  axons,  but  the  current  progress  in  molecular 
biology  of  NTE  is  applicable  to  study  of  the  function  of  normal  and  organophosphorus  (OP)-modified  NTE  in 
cultured  neural  cells. 

Keywords ;  Neuropathy  target  esterase;  Esterase  purification;  Organophosphorus  neuropathy  protection;  Neuro¬ 
pathy  promotion 


1.  Introduction 

References  to  the  early  work  summarised  here 
are  contained  in  Refs.  [1-6]. 

Following  the  ‘Ginger  Jake’  epidemic  in  the 
1930s  caused  by  the  consumption  of  contami¬ 
nated  liquor,  tri-o-cresyl  phosphate  (TOCP)  was 
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Abbreviations:  TOCP,  tri-o-cresyl  phosphate;  OP,  organo¬ 
phosphorus;  DFP,  di-zsopropyl  phosphorofluoridate;  OPIDP, 
organophosphorus-induced  delayed  polyneuropathy;  NTE, 
neuropathy  target  esterase;  S9B,  l-(saligenin  cyclic  phospho)- 
9-biotinyIdiaminononane. 


identified  as  the  main  aetiological  agent,  using 
the  adult  hen  as  an  experimental  model.  In  the 
1950s  a  clinically  similar  poisoning  episode 
occurred  during  pilot  plant  synthesis  of  a  new 
candidate  pesticide  (mipafox;  N,NI  di-iso -pro- 
pylamino-phosphorofluoridate)  and  the  condition 
was  reproduced  in  the  chicken.  Some  other 
organophosphorus  (OP)  compounds  such  as  di- 
Aopropyl  phosphorofluoridate  (DFP)  were 
shown  to  produce  the  disease  but  many  were 
inactive;  lesions  were  found  in  the  long  axons  of 
the  central  and  peripheral  nervous  system.  A 
minimum  delay  of  10  days  or  so  between  the 
administration  of  active  compounds  and  the 
appearance  of  clinical  signs  in  chickens  and 
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humans  always  occurred.  With  the  testing  of 
potential  pesticides  for  veterinary  use  many 
species  were  shown  over  some  years  to  be 
susceptible.  The  list  now  includes  the  cat,  dog, 
horse,  cow,  sheep,  pig,  water  buffalo,  ferret  and 
monkey  but  small  laboratory  rodents  and  most 
birds  were  not  affected  easily.  In  all  species  the 
clinical  conditions  and  the  distribution  of  the 
histopathological  lesions  in  the  central  and 
peripheral  nervous  system  were  similar. 

Up  to  the  1960s  attempts  to  find  the  mecha¬ 
nism  of  organophosphorus-induced  delayed  poly¬ 
neuropathy  (OPIDP)  were  based  on  the  ‘guess 
and  test’  system,  and  the  involvement  of  various 
cholinesterases  and  esterases  in  the  nervous 
system  was  eliminated.  In  the  late  1960s  a  more 
logical  approach  was  adopted  and  an  hypothesis 
was  devised  with  the  following  components;  (i) 
OPIDP  being  initiated  by  covalent  organophos- 
phorylation  of  a  molecular  target;  (ii)  this  target 
would,  almost  certainly,  be  a  protein  having 
esterase  activity;  (iii)  the  esterase  activity  to  be 
inhibited  in  vivo  by  covalent  binding  of  neuro¬ 
pathic  OP  compounds  (such  as  DFP,  TOCP, 
mipafox,  etc.)  given  at  relevant  doses  and  not 
inhibited  by  those  compounds  which  do  not 
cause  the  disease;  (iv)  substrate  hydrolysis  cata¬ 
lysed  by  this  esterase  in  vitro  would  be  inhibited 
by  neuropathic  compounds  provided  that  in  vivo 
they  did  not  need  to  be  bioactivated;  (v)  if 
bioactivation  in  vivo  were  necessary  then  (iv) 
would  apply  only  to  the  bioactivated  and  proxim¬ 
al  toxic  agent;  (vi)  inhibition  in  vitro  would  not 
be  caused  by  those  which  did  not  produce  the 
disease  such  as  tetraethyl  pyrophosphate  and 
paraoxon  (diethyl-4-nitrophenyl  phosphate).  A 
target  protein  having  ‘correct’  target  properties 
was  discovered  and  then  shown  to  be  an  esterase 
which  is  now  known  as  neuropathy  target  ester¬ 
ase  (NTE):  methods  were  developed  for  its  assay 
both  by  phosphorylation  with  [32P]DFP  and  by 
the  hydrolysis  of  phenyl  phenylacetate  and,  later, 
of  phenyl  valerate.  For  a  large  number  of  OP 
compounds  the  ‘NTE  hypothesis’  was  verified, 
and  active  compounds  produced  delayed  neuro¬ 
pathy  in  chickens  when  NTE  was  at  least  70- 
80%  inhibited;  no  disease  occurred  with  less  or 
no  inhibition. 


2.  NTE  and  toxicity  tests 

NTE  has  proved  to  be  an  excellent  tool  for 
assessment  of  neuropathic  potential  of  OP  com¬ 
pounds.  This  is  expounded  at  length  in  Ref.  [5]. 
Briefly: 

(i)  NTE  tests  are  now  an  essential  component  of 
regulatory  tests  recommended  both  by  EPA  and 
OECD.  A  great  advantage  is  that  each  and  every 
degree  of  inhibition  that  is  found  in  autopsy  sam¬ 
ples  provides  some  guidance  -  the  neuropathic 
effect  of  a  given  dose  can  be  predicted  to  be 
positive,  marginal  or  thoroughly  negative.  The 
recommended  tests  allow  that  toxicokinetics  must 
be  considered,  and  assays  should  ensure  that  the 
peak  effect  is  identified:  this  may  not  occur  1  day 
after  dosing,  as  envisaged  in  early  studies. 

(ii)  Effects  of  repeated  administration  (chronic 
or  sub-chronic  toxicity)  also  can  be  evaluated, 
provided  that  assays  are  performed  at  suitable 
times  (NOT  weeks  after  the  final  dose!). 

(iii)  Prediction  of  neuropathic  potential  in  vivo 
has  been  made  possible  by  comparison  of  the 
relationships  of  chemical  structure  of  OP  com¬ 
pounds  to  their  activity  in  vitro  against  NTE  and 
acetylcholinesterase. 

(iv)  The  comparisons  in  (iii)  above  which  used 
hen  brain  to  predict  results  in  avian  tests  have 
been  successfully  extended  to  studies  with  human 
autopsy  samples:  they  have  shown  that  the  hen 
appears  to  be  an  excellent  model  for  human. 
Such  tests  did  detect  a  few  compounds  which 
might  confidently  be  thought  to  be  either  some¬ 
what  more  or  slightly  less  neuropathic  in  humans 
than  in  hens  and  these  conclusions  seem  to  have 
been  valid  in  so  far  as  human  intoxications  with 
such  compounds  have  been  observed.  It  would 
be  prudent  to  assume  that  the  threshold  of 
inhibition  in  humans  required  to  precipitate 
clinical  neuropathy  may  be  less  than  the  70-90% 
value  for  hens,  but  no  convincing  evidence  has 
been  reported. 

3.  The  nature  and  function  of  NTE 

3.1.  The  enzymic  character  of  NTE 
NTE  behaves  as  a  typical  ‘B’  (OP-sensitive) 
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esterase  rapidly  hydrolysing  the  optimum  artifi¬ 
cial  substrate  (phenyl  valerate)  but  no  physiolog¬ 
ical  substrate  has  been  identified.  Many  charac¬ 
teristics  (distribution,  sensitivity  to  pH,  to  non- 
OP  inhibitors,  etc.)  are  summarised  by  Johnson 
[4,6].  Extensive  structure /activity  studies  for 
both  substrates  and  inhibitors  in  vitro  were 
reported  in  1977  and  1988  (see  Ref.  [6])  and  also 
recently  from  the  laboratories  of  Casida  and 
Hammock  [7,8].  A  few  substrates  are  hydrolysed 
more  rapidly  than  phenyl  valerate  but  their 
specificity  for  NTE  is  poorer  so  that  the  precision 
of  the  differential  assay  becomes  less,  particu¬ 
larly  when  some  fraction  of  the  NTE  has  been 
inhibited  [6,8]. 

It  has  been  shown  recently  that  NTE  is  present 
in  even  higher  concentration  in  bovine  adrenal 
medulla  than  in  neural  tissue  [9].  Good  con¬ 
centrations  of  NTE  have  also  been  found  in 
conveniently  cultured  tissues  such  as  bovine 
chromaffin  cells  (private  communication  from 
Dr.  Vilanova)  and  in  some  human  neuroblastoma 
cells  [10]. 

Isolation  of  NTE  from  its  site  of  firm  attach¬ 
ment  to  neural  membranes  (the  intracellular 
origin  is  uncertain)  has  progressed  only  recently. 
Riiffer-Turner  et  al.  [11]  prelabelled  hen  brain 
microsomes  with  [3H]DFP  and  were  able  by 
conventional  procedures  to  isolate  the  labelled 
NTE  sub-unit  (mol.  wt.  =  ca.  155  kDa)  free  of 
other  labelled  polypeptides  but  probably  only 
about  2%  pure  in  terms  of  other  protein.  Diges¬ 
tion  and  separation  studies  produced  labelled 
fragments  centred  around  30  and  16  kDa.  Fur¬ 
ther  digestion  studies  obtained  a  small  peptide 
containing  the  typical  consensus  sequence  for  a 
serine  (‘B’)  esterase,  namely  Gly-Glu-Dehydro- 
ala  [derived  from  DFP-labelled  Ser]-XXX-Gly 
[12].  Similar  peptides,  this  time  labelled  with 
biotin,  have  been  obtained  from  what  appears  to 
be  pure  155  kDa  polypeptide  isolated  in  our 
laboratory  [13]  by  a  simple  procedure  using  a 
bidentate  affinity  agent,  S9B  (l-(saligenin  cyclic 
phospho)-9-biotinyldiaminononane):  the  peptide 
is,  of  course,  catalytically  inactive  having  been 
both  OP-inhibited  and  then  processed  in  sodium 
dodecyl  sulphate  (SDS).  We  have  heard  rumours 
of  further  progress  towards  obtaining  pure  cata¬ 


lytically  active  NTE  building  on  the  beginnings 
of  Thomas  et  al.  [14]. 

3.2.  Protein  and  molecular  biology  studies  of 
NTE 

As  indicated  above,  a  number  of  fragments  of 
tritium  or  biotin-labelled  NTE  have  been  ex¬ 
amined.  Based  on  sequences  obtained,  synthetic 
oligonucleotides  have  been  synthesised  and 
cDNA  libraries  of  brain  from  hen  and  other 
species  are  being  screened  with  such,  with  poly¬ 
merase  chain  reaction  (PCR)-developed  primers 
and  with  antibody  (see  below).  We  can  only 
report  that  cloning  work  continues.  We  have 
raised  a  monoclonal  antibody  to  SDS-denatured 
155-kDa  polypeptide  from  hen  brain  and  a 
polyclonal  Ab  to  synthetic  fragments  of  pig  brain 
NTE  (details  to  be  published  elsewhere).  These 
Abs  are  effective  agents  for  screening  in  vitro 
and  preliminary  experiments  suggest  that  one  is 
suitable  for  identifying  NTE  in  histochemical 
studies  of  isolated  tissue. 

3.3.  NTE  has  some  aspects  of  a  receptor 

It  was  shown  20-25  years  ago  that  initiation  of 
OPIDP  depended  not  on  the  loss  of  catalytic 
activity  of  NTE  in  vivo  but  on  a  subtle  change  in 
the  NTE  molecule  itself  or  in  its  environment 
brought  about  as  a  result  of  the  covalent  binding 
of  the  initiating  agents  [2,4-6].  Phosphate  and 
phosphonate  inhibitors  of  NTE  tended  to  under¬ 
go  a  rapid  bond-cleavage  reaction  (‘ageing’) 
after  attachment  to  the  active  site:  this  involved 
generation  of  a  negatively  charged  residue  at  the 
active  site  plus  intramolecular  transfer  of  the 
cleaved  group  to  an  adjacent  site  (nature  un¬ 
known).  This  event  subsequent  to  inhibition  of 
NTE  appeared  to  be  essential  since  predosing 
hens  with  non-‘ageable’  inhibitors  of  NTE 
(appropriately  structured  carbamates,  sulphonyl 
fluorides  or  phosphinates)  totally  prevented 
neuropathic  effects  of  challenge  doses  of  neuro¬ 
pathic  OPs  (DFP,  etc.)  without  preventing  acute 
(anticholinesterase)  toxicity.  Johnson  [15]  dis¬ 
cussed  the  concept  of  NTE  as  a  fortuitous 
receptor  and  this  has  been  developed  by  Lotti 
[16,17].  It  had  been  discovered  in  several  lab¬ 
oratories  [18-20]  that  post-dosing  any  of  those 
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prophylactic  compounds  into  hens  which  had 
received  a  low  ‘priming’  (i.e.  not  in  itself  suffi¬ 
cient)  dose  of  DFP  led  to  expression  of  a  full 
clinical  neuropathy.  Lotti  et  al.  [17]  then  ar¬ 
ranged  doses  of  a  few  OP  compounds  and  one 
carbamate  to  achieve  similar  degrees  of  inhibi¬ 
tion  of  NTE  and  showed  that  post-dosing  with 
phenylmethanesulfonyl  fluoride  produced  differ¬ 
ing  severities  of  clinical  response.  The  experi¬ 
ments  are  complex,  the  controls  are  difficult,  and 
the  differences  modest,  but  the  case  that  the 
initiatory  effect  differs  according  to  the  nature  of 
the  covalent  agonist  appears  to  be  sound.  These 
findings  add  to  the  conviction  that  initiation 
proceeds  from  events  in  the  region  of  the  active 
site  serine  of  NTE  rather  than  at  the  site  (dub¬ 
bed  ‘Z’)  receiving  the  cleaved  group.  Further 
powerful  reasons  are  that  several  phosphor- 
amidates  have  been  shown  in  our  laboratory  to 
initiate  OPIDP  by  inhibition  without  apparent 
‘ageing /group-transfer  (summarised  in  [21])  and 
it  has  been  pointed  out  by  Richardson  [22]  that 
phosphoramidated  NTEs  could  undergo  elec¬ 
tronic  shifts  in  the  region  around  the  phosphorus 
atom  at  physiological  pH  to  generate  negatively 
charged  structures  typical  of  Westheimer  Acids. 
Such  changes  do  not  involve  cleavage  of  any 
alkyl  group  (so  no  transfer  to  site  ‘Z’)  and  would 
generate  a  phosphyl-enzyme  bond  fairly  but  not 
intractably  resistant  to  the  reactivating  power  of 
standard  nucleophilic  reactivating  agents  (as  we 
had  observed  [23]). 

4.  NTE  in  vivo 

NTE  is  widespread  in  tissues  (listed  in 
[5,6,16]).  Apart  from  the  adrenal  medulla  noted 
above  (Section  3.1)  the  brain  has  highest  con¬ 
centrations  while  the  tissues  principally  subject  to 
axonal  degeneration  (spinal  cord  and  peripheral 
nerve)  have  less.  The  presence  of  substantial 
amounts  of  NTE  in  spleen  and  lymphocytes  has 
raised  the  question  of  an  immunological  signifi¬ 
cance  for  the  enzyme,  but  no  direct  evidence 
exists  and  attempts  to  implicate  the  immune 
system  in  OPIDP  have  failed  [2,6].  No  profound 
differences  have  been  found  between  NTE  from 
different  species  or  tissues  [6]  but  the  existence 


of  low  concentrations  of  a  soluble  form  in  both 
brain  (where  it  is  a  very  minor  component)  and 
sciatic  nerve  (ca.  50%  of  the  total  amount  in  that 
tissue)  is  interesting,  and  some  modest  differ¬ 
ences  between  soluble  and  particulate  forms 
have  been  reported  [24]. 

Although  prolonged  inhibition  of  NTE  with¬ 
out  ageing  does  not  cause  neuropathy  or  other 
obvious  adverse  effects  this  does  not  necessarily 
mean  that  the  esteratic  activity  of  NTE  is  not 
part  of  a  normal  physiological  process  but  only 
that  any  such  process  is  not  vital  or  rate-limiting. 
It  may  be  that  the  system  can  survive  long 
periods  with  only  a  small  proportion  of  its 
esteratic  capacity  or  that  the  substrate  can  be 
channelled  through  another  route.  However  no 
obvious  naturally  occurring  analogues  of  the  best 
NTE  substrates  appear  to  be  candidates  for  a 
true  physiological  substrate.  The  possibility  that 
interactions  of  OP  compounds  with  the  active 
site  of  NTE  mimic  the  control  processes  me¬ 
diated  by  protein  kinases  seems  to  have  no 
substance  [6].  Turnover  studies  and  measure¬ 
ments  of  transport  of  NTE  in  axons  have  been 
reported  (summarised  in  [6])  but  none  have 
indicated  anything  unusual  or  given  a  hint  as  to 
function  of  this  enzyme /receptor. 

5.  Conclusion 

For  toxicologists  NTE  has  become  firmly  es¬ 
tablished  as  an  assayable  target.  A  disturbance  of 
the  charge  distribution  at  the  active  site  of 
inhibited  NTE  appears  to  be  the  initiating  event 
in  OPIDP.  The  normal  function  of  NTE  remains 
a  mystery,  but  its  recent  isolation  and  current 
progress  in  the  immunochemistry  and  molecular 
biology  of  NTE  and  the  identification  of  NTE  in 
easily  cultured  cells  offers  hope  that  this  function 
can  be  investigated  in  the  near  future. 
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Abstract 

Toxic  agents,  particularly  those  that  exert  their  actions  with  a  great  deal  of  specificity,  sometimes  act  via  receptors 
to  which  they  bind  with  high  affinity.  Some  examples  of  soluble  intracellular  receptors,  which  are  important  in 
mediating  toxic  responses,  are  discussed  in  this  paper.  The  first  example  is  the  glucocorticoid  receptor,  which  can 
act  as  a  model  for  other  receptors  but  is  also  involved  in  mediating  toxicity  associated  effects  such  as  apoptosis  of 
lymphocytes  as  well  as  neuronal  degeneration  as  a  response  to  stress.  Other  examples  discussed  are  the  peroxisome 
proliferator  activated  receptor  (PPAR)  which  is  associated  with  hepatocarcinogenesis  in  rodents,  and  the  dioxin 
receptor  which  is  involved  in  a  whole  range  of  toxic  effects.  The  final  example  given  is  an  interesting  mechanism  for 
tissue  specific  accumulation  of  a  metabolite  of  polychlorinated  biphenyls. 

Keywords:  Receptor-mediated  toxicity;  Glucocorticoid  receptor;  PPAR;  Dioxin  receptor;  Polychlorinated  biphenyls 


The  glucocorticoid  receptor  belongs  to  the 
nuclear  receptor  supergene  family  which  also 
encompasses  the  progesterone  receptor,  the  min- 
eralocorticoid  receptor,  the  estrogen  receptor, 
the  androgen  receptor,  the  retinoic  acid  receptor, 
the  thyroid  hormone  receptor,  the  vitamin  D3 
receptor  as  well  as  many  so-called  orphan  re¬ 
ceptors  which  lack  a  known  ligand.  All  these 
receptors  share  the  same  principal  three-domain 
structure  with  a  central  DNA-binding  domain,  a 
C-terminal  ligand  binding  domain  and  an  N- 
terminal  domain  with  highly  variable  length.  The 
DNA-binding  domain  has  a  two  zinc  finger 
structure  where  each  zinc  atom  coordinates  four 
cysteines.  The  three-dimensional  structure  of  the 
DNA-binding  domain  of  the  glucocorticoid  re¬ 
ceptor  was  first  reported  by  our  group  in  collabo¬ 
ration  with  Dr  Robert  Kaptein,  Utrecht,  Holland 
[1].  NMR  analysis  of  recombinant  protein  re¬ 
vealed  a  structure  with  two  a-helices  perpen¬ 


dicular  to  one  another  where  the  recognition 
helix  enters  the  major  groove  on  DNA  and  binds 
to  specific  bases  constituting  the  glucocorticoid 
responsive  element.  The  DNA-binding  domain 
interacts  with  DNA  as  a  dimer  and  the  overall 
structure  of  the  DNA-binding  domain  is  identical 
for  all  members  of  the  nuclear  receptor 
supergene  family. 

Chambon’s  group  described  the  three-dimen¬ 
sional  structure  of  the  ligand  binding  domain  of 
the  RXR  receptor  [2].  Very  recently,  Baxter 
reported  on  the  three-dimensional  structure  of 
the  thyroid  hormone  receptor  ligand  binding 
domain  [3],  In  contrast  to  Chambon,  Baxter 
crystallized  the  ligand  binding  domain  with 
bound  ligand,  enabling  molecular  modeling 
studies  for  development  of  new  agonists  and 
antagonists  to  thyroid  hormone.  Again,  the  over¬ 
all  structure  of  the  ligand  binding  domain  ap¬ 
pears  to  be  quite  similar  between  RXR  and 
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thyroid  hormone  receptor,  and  it  is  expected  that 
this  is  true  also  for  the  other  members  of  the 
nuclear  receptor  supergene  family. 

The  N-terminal  part  of  the  glucocorticoid 
receptor  contains  the  major  transactivation  do¬ 
main  which  is  responsible  for  regulation  of  gene 
expression  of  target  genes  for  glucocorticoids.  A 
great  deal  of  interest  is  currently  focussed  on 
which  proteins  of  the  basal  transcriptional  ma¬ 
chinery  are  contacted  by  the  transactivation 
domains  of  various  receptors.  We  are  also  ad¬ 
dressing  this  problem  and  our  data  indicate  that 
several  proteins  are  contacted  by  the  major 
transactivation  domain,  r,,  of  the  glucocorticoid 
receptor.  Based  on  experiments  with  yeast  we 
have  defined  a  58  amino  acid  long  r,  core  which 
is  responsible  for  most  of  the  transactivation 
activity  of  the  major  transactivation  domain  [4]. 
The  t,  core  contains  many  acidic  amino  acids 
and  hydrophobic  amino  acids.  Phosphorylation, 
however,  does  not  seem  to  play  a  role  in  receptor 
activation  of  target  genes  based  on  experiments 
involving  mutated  amino  acid  residues  and, 
furthermore,  the  acidic  amino  acids  also  appear 
to  be  of  relatively  little  significance  in  regulation 
of  gene  expression.  Finally,  it  would  seem  that 
the  hydrophobic  amino  acids  are  of  prime  impor¬ 
tance  [5]. 

We  have  expressed  the  r,  core  in  bacteria  and 
studied  its  overall  structure  with  the  help  of 
circular  dichroism.  Somewhat  disappointingly, 
neither  the  r,  core  nor  the  full-length  r,  showed 
any  two-dimensional  structure.  However,  it  was 
argued  that  the  normal  environment  for  the  r, 
core  when  contacting  components  of  the  basal 
transcriptional  machinery  might  be  quite  hydro- 
phobic  and,  thus,  trifluoroethanol  (TFA)  was 
added  to  the  protein  solution  in  order  to  mimic 
the  hydrophobic  environment  of  the  protein 
under  natural  conditions.  Addition  of  TFA  had  a 
dramatic  effect  on  the  protein,  which  following 
such  treatment  showed  induction  of  a-helical 
structure.  NMR  analysis  of  the  TFA  treated 
protein  revealed  the  existence  of  three  £*-helices. 
With  the  help  of  helix  breaking  proline  substitu¬ 
tions,  it  could  be  shown  that  the  integrity  of  at 
least  two  of  the  a-helices  was  necessary  for 
transactivation  to  occur  [6].  We  are  currently 
studying  these  issues  further,  but  it  would  seem 


that  ‘hydrophobic  patches’  on  the  ^-helices  are 
especially  important,  and  it  might  be  suggested 
that  these  patches  contact  hydrophobic  proteins 
in  the  basal  transcriptional  machinery  and  associ¬ 
ated  pool  of  coactivator  proteins  [5]. 

A  very  important  aspect  with  reference  to 
nuclear  receptors  is  cross-talk,  whereby  the  re¬ 
ceptors  interact  with  other  signal  transduction 
pathways.  One  such  example  will  be  given.  In  the 
NF/cB  system,  the  transcription  factors  p65  (also 
called  Rel  A)  and  p50  form  a  heterodimer  which 
interacts  with  /cB-elements  on  regulated  genes. 
Normally,  the  heterodimer  is  unable  to  bind  to 
DNA  due  to  an  inhibitor,  called  I/cB  protein. 
Activation  of  the  NF/<B-system  is  caused  by  a 
large  number  of  stimuli,  e.g.  factors  liberated 
during  inflammation,  and  it  would  seem  that  the 
common  mechanism  whereby  all  these  stimuli 
result  in  activation  of  the  NF^B-system  is  the 
release  of  which  leads  to  phosphorylation 

and  breakdown  of  I/<B,  thus  releasing  the  p65/ 
p50  heterodimer.  Interestingly,  as  we  have  re¬ 
cently  reported,  the  glucocorticoid  receptor  can 
shut  down  the  NFkB  signalling  by  interacting 
with  the  p65  component  of  the  complex  [7].  The 
inhibition  is  reciprocal,  which  means  that  p65  can 
also  inhibit  glucocorticoid  receptor  activity,  sim¬ 
ply  by  binding  to  it.  This  mechanism  is  probably 
important  in  explaining  at  least  part  of  the 
negative  effects  of  glucocorticoids  on  the  inflam¬ 
matory  response.  Cross-talk  between  steroid 
receptors  and  other  signal  transduction  pathways 
is  probably  extremely  common  and  needs  to  be 
investigated  in  detail  for  a  full  understanding  of 
the  spectrum  of  biological  activities  of  the  re¬ 
ceptors. 

The  second  theme  relates  to  the  orphan  re¬ 
ceptors  mentioned  above.  More  specifically,  I 
will  discuss  the  peroxisome  proliferator  activated 
receptor  or  PPAR  which  some  years  ago  was 
shown  to  mediate  the  effects  of  peroxisome 
proliferators  [8].  The  peroxisome  proliferator 
activated  receptor  has  already  qualified  as  a 
subfamily  of  receptors  in  its  own  right.  Several 
species  seem  to  contain  at  least  three  isoforms,  a , 
y  and  S  (also  called  or  NUC1).  These  isoforms 
have  a  different  distribution  in  various  tissues. 
We  reasoned  that  it  is  most  likely  that  PPAR  has 
a  physiological  ligand  and,  knowing  the  impor- 
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tant  role  of  PPAR  in  regulating  activities  of 
genes  involved  in  fat  metabolism,  it  was  not 
inconceivable  that  the  ligand  might  be  of  lipid 
nature.  We  developed  an  assay  for  the  natural 
ligand  of  PPARa  by  fusing  the  ligand  binding 
domain  of  PPARa  to  the  N-terminal  and  DNA- 
binding  domains  of  the  glucocorticoid  receptor 
under  the  control  of  a  metallothionein  promotor. 
The  reporter  gene  consisted  of  MMTV-LTR 
containing  several  GREs  placed  in  front  of 
alkaline  phosphatase  which  encodes  a  product 
that  is  secreted  from  the  cells  (CHO  cells)  and 
easily  assayable  in  the  medium  using  a  colorimet¬ 
ric  reaction.  As  a  source  for  activating  substances 
we  used  human  pregnancy  plasma  which  was 
fractionated  over  several  chromatographic  col¬ 
umns.  With  this  approach  we  could  show  that 
PPAR  activation  capacity  was  invariably  associ¬ 
ated  with  the  fatty  acid  fraction  [9].  The  notion 
that  fatty  acids  are  endogenous  regulators  of 
PPAR  was  further  substantiated  by  adding  a 
range  of  reference  fatty  acids  to  the  cells;  the 
ligand  specificity  turned  out  to  be  quite  broad 
(from  C7  and  upwards).  Unsaturated  fatty  acids 
were  about  three  times  as  active  as  saturated 
fatty  acids. 

In  order  to  monitor  the  activation  response,  it 
was  necessary  to  add  the  fatty  acids  at  con¬ 
centrations  of  about  100  /xM.  This  was  of  some 
concern  to  us  since  nuclear  receptor  ligands 
normally  interact  with  their  receptors  at  nM 
concentrations.  In  order  to  study  direct  binding 
of  fatty  acids  to  the  PPAR,  a  photoaffinity  label 
(para-azidophenoxynonanoic  acid)  was  used.  By 
titrating  the  concentration  of  this  photoaffinity 
label  with  the  help  of  recombinant  fatty  acid 
binding  protein  or  delipidated  bovine  serum 
albumin,  it  could  be  shown  that  recombinant 
PPARa  overexpressed  in  baculovirus  infected 
insect  cells  was  radioactively  labeled  at  fatty  acid 
concentrations  in  the  nM  range  [10].  Based  on 
these  experiments  it  can  be  concluded  that  free 
fatty  acids  are  the  most  likely  ligands  for  PPAR, 
and  this  conclusion  is  also  based  on  several 
experiments  where  we  have  failed  to  block  the 
fatty  acid  activation  of  PPAR  by  adding  in¬ 
hibitors  of  fatty  acid  metabolism  [11]. 

In  order  for  PPAR  to  interact  with  DNA  it  is 
necessary  for  PPAR  to  form  a  heterodimer  with 


retinoid  X  receptor  or  RXR,  another  member  of 
the  nuclear  receptor  supergene  family.  Since 
RXR  is  also  a  partner  for  the  thyroid  hormone 
receptor  and  the  vitamin  D3 -receptor  as  well  as 
the  retinoic  acid  receptor,  the  possibility  exists 
that  under  certain  conditions  RXR  may  exist  in 
limiting  concentrations  and  that  the  various  in¬ 
volved  signal  transduction  pathways  might  cross¬ 
talk  to  one  another  via  RXR.  In  this  way, 
activation  of  PPAR  by  for  instance  peroxisome 
proliferators  might  have  consequences  for  sig¬ 
naling  also  in  other  systems.  In  order  to  investi¬ 
gate  more  systematically  which  other  proteins 
that  PPARa  might  contact,  we  are  currently 
using  the  two  hybrid  system  in  yeast.  We  have 
already  identified  several  genes  whose  products 
seem  to  interact  specifically  with  PPAR  ligand 
binding  domain  [12].  In  particular,  a  kinase  we 
have  identified  in  this  way  is  of  potential  interest 
in  view  of  the  possibility  that  phosphorylation 
events  might  play  a  role  in  the  activation  of 
PPAR,  as  has  been  shown  in  the  case  of,  for 
instance,  the  progesterone  receptor. 

Finally,  in  collaboration  with  Dr  Chris  Corton 
at  Chemical  Industry  Institute  of  Toxicology 
(CUT)  we  currently  use  the  differential  display 
technique  in  order  to  identify  new  target  genes 
for  PPAR.  With  this  technique  we  have  recently 
identified  a  17/3 -hydroxy steroid  dehydrogenase 
type  IV  which  converts  17/3-estradiol  to  estrone 
[13].  Northern  blot  analysis  confirms  that  this 
17/3-estradiol  oxidase  is  induced  about  four-  to 
five-fold  following  treatment  with  peroxisome 
proliferators,  and  these  results  might  offer  an 
explanation  for  the  hypoestrogenic  effect  some¬ 
times  seen  following  administration  of  peroxi¬ 
some  proliferators. 

The  dioxin  receptor  is  involved  in  a  multitude 
of  toxic  responses,  and  one  of  our  specific  inter¬ 
ests  with  reference  to  this  receptor  is  the  nature 
of  its  physiological  ligand,  if  it  exists.  The  dioxin 
receptor  induces  a  cascade  of  genes  following 
activation,  for  instance  the  cytochrome  P450  IA1 
and  IA2  which  are  both  involved  in  metabolic 
activation  of  promutagens.  Somewhat  surprising¬ 
ly  to  many  workers  in  the  field,  it  was  shown 
some  years  ago  that  the  dioxin  receptor  does  not 
belong  to  the  nuclear  receptor  supergene  family 
but  instead  belongs  to  the  so-called  basic  helix- 
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loop-helix  family  of  transcription  factors.  These 
are  known  to  play  important  roles  in  e.g. 
embryogenesis,  and  muscle  development  is  reg¬ 
ulated  by  members  of  this  transcription  factor 
class.  The  dioxin  receptor  system  has  been  shown 
to  consist  of  two  components,  the  ligand  binding 
dioxin  receptor  as  well  as  its  partner  protein 
Arnt.  Both  belong  to  the  basic  helix-loop-helix 
class  of  transcription  factors.  In  the  non-liganded 
state,  the  dioxin  receptor  is  complexed  with  heat 
shock  protein  90  (hsp  90)  which  serves  a  dual 
function.  It  seems  to  prevent  the  dioxin  receptor 
from  interacting  with  DNA  and  at  the  same  time 
it  seems  to  be  necessary  to  uphold  the  proper 
conformation  of  the  ligand  binding  domain. 
Following  ligand  activation,  hsp  90  dissociates 
and  the  dioxin  receptor  is  free  to  heterodimerise 
with  Arnt  via  the  basic  helix-loop-helix  domain, 
and  DNA  binding  to  xenobiotic-responsive  ele¬ 
ments  takes  place. 

In  order  to  functionally  dissect  the  dioxin 
receptor,  we  have  used  a  chimera  approach 
similar  to  that  described  above  concerning  the 
PPAR.  Thus  the  dioxin  receptor  from  which  the 
N-terminal  basic  helix-loop-helix  domain  was 
deleted  was  fused  to  the  N-terminal  domain  and 
the  DNA-binding  domain  of  the  glucocorticoid 
receptor.  In  this  way  a  receptor  chimera  was 
created  which  turned  out  to  be  activated  by 
dioxin  and  then  bind  to  glucocorticoid  responsive 
elements  [14].  Using  various  deletions,  it  could 
be  shown  that  ligand  binding  takes  place  over  the 
PAS  B  domain  in  the  dioxin  receptor.  This  forms 
part  of  the  PAS  domain  which  is  common  to  per, 
Arnt,  sim  and  the  dioxin  receptor,  hence  the 
name  PAS  domain.  Per  and  sim  are  basic  helix- 
loop-helix  transcription  factors  which  have  been 
described  in  Drosophila.  The  PAS  domain  con¬ 
tains  two  repetitive  sequences,  A  and  B.  Also, 
hsp  90  interacts  with  the  PAS  B  domain,  in  line 
with  its  conformation  stabilizing  effect  on  the 
ligand  binding  domain.  A  transactivating  func¬ 
tion  was  identified  in  the  C-terminal  part  of  the 
dioxin  receptor.  In  the  same  way  the  Arnt 
partner  factor  was  dissected  functionally.  Arnt 
was  shown  not  to  interact  with  hsp  90  and  does 
not  interact  with  tested  ligands.  As  mentioned 
above,  Arnt  also  has  a  PAS  domain  and,  similar¬ 


ly  to  the  dioxin  receptor,  it  carries  a  transactivat¬ 
ing  function  in  the  C-terminal  part  of  the  protein. 
The  absolute  necessity  of  hsp  90  for  signalling  via 
the  dioxin  receptor  pathway  was  shown  using 
yeast  cells  devoid  of  hsp  90  but  where  the  hsp  90 
gene  had  been  reintroduced  under  a  galactose 
inducible  promotor.  Thus,  by  varying  the  galac¬ 
tose  concentration  in  the  growth  medium  of 
yeast  it  was  possible  to  conveniently  modulate 
hsp  90  concentration  in  the  yeast  cells.  Dioxin 
receptor  function  was  studied  using  the  above- 
mentioned  chimera  and  it  could  be  clearly  shown 
that  no  activation  of  the  dioxin  receptor/ 
glucocorticoid  receptor  chimera  occurred  on  a 
GRE-driven  reporter  gene  in  the  absence  of  hsp 
90,  whereas  cultivation  of  yeast  cells  in  the 
presence  of  galactose  leads  to  reconstitution  of 
the  dioxin  signaling  [15].  Interestingly,  compari¬ 
son  between  the  mouse  and  human  dioxin  re¬ 
ceptors  in  this  system  showed  that  the  human 
receptor  was  one  order  of  magnitude  less  sensi¬ 
tive  than  the  mouse  receptor  with  reference  to 
activation  by  /3-naphtoflavone,  a  fact  of  some 
interest  from  the  regulatory  point  of  view. 

Concerning  ligands  of  the  dioxin  receptor,  we 
were  interested  to  see  whether  heterocyclic 
amines  formed  during  frying  of  food  might 
possibly  interact  with  the  dioxin  receptor  since 
some  of  the  heterocyclic  amines  have  planar 
structures  reminiscent  of  dioxin,  and  we  wanted 
to  investigate  whether  these  particular  mutagens 
could  stimulate  their  own  metabolism  by  activat¬ 
ing  the  dioxin  receptor.  This  was  indeed  shown 
to  be  the  case,  first  in  vitro  where  the  dioxin 
receptor,  using  gel  shift  assays,  was  activated  to 
the  DNA-binding  state  by  several  of  the  tested 
heterocyclic  amines  [16].  Also  in  cells  with  func¬ 
tional  dioxin  receptor  system  and  XRE-driven 
reporter  genes,  heterocyclic  amines  were  shown 
to  activate  the  reporter  gene,  albeit  at  relatively 
high  concentrations  [17]. 

During  the  1960s,  Lee  Wattenberg  reported 
that  consumption  of  brussels  sprouts  leads  to  the 
induction  of  cytochrome  P450  activity  in  the  gut 
[18].  He  ascribed  this  effect  of  brussels  sprouts  to 
the  dietary  component  indole-3-carbinol  which, 
however,  was  devoid  of  dioxin  receptor-binding 
activity.  We  found  evidence  in  the  literature  that 
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indole-3-carbinol  under  certain  conditions  could 
be  converted  to  indolocarbazole,  and  decided  to 
test  whether  this  particular  metabolite  of  indole- 
3-carbinol  could  serve  as  a  ligand  to  the  dioxin 
receptor.  This  was  indeed  the  case,  and  in  par¬ 
ticular  methylsubstituted  indolocarbazoles  were 
shown  to  bind  to  the  dioxin  receptor  with  a  Kd 
around  1  nM  [19,20].  Thus,  indolocarbazoles  in¬ 
teract  with  the  dioxin  receptor  with  the  same 
affinity  as  dioxin  itself.  Indeed,  when  gelshift 
analyses  were  carried  out  comparing  activation 
of  the  mouse  receptor  and  the  human  receptor,  it 
could  be  shown  that  indolocarbazole  was  a  more 
efficient  activator  of  the  human  dioxin  receptor 
than  dioxin  itself  [21],  again  emphasizing  the 
need  to  base  regulatory  decisions  on  human 
receptor  results  rather  than  on  rodent  receptor 
experiments. 

In  situ  hybridization  studies  of  developing  rat 
embryos  indicate  that  Arnt  has  a  much  more 
widespread  occurrence  than  the  dioxin  receptor. 
On  days  16  and  18  the  latter  receptor  was  mainly 
localized  to  the  oral  cavity  and  the  gastrointesti¬ 
nal  tract,  whereas  Arnt  appeared  to  be  almost 
ubiquitously  expressed  [22].  These  results  indi¬ 
cate  that  Arnt  may  serve  to  bind  several  partners 
other  than  the  dioxin  receptor,  perhaps  in  the 
same  way  as  RXR  is  a  promiscuous  partner 
among  nuclear  receptors.  If  this  notion  holds 
true,  the  possibility  opens  up  that  the  dioxin 
receptor  might  cross-talk  with  several  other  sig¬ 
nal  transduction  pathways  via  Arnt,  phenomena 
that  might  be  of  considerable  significance  in 
explaining  some  of  the  toxic  effects  of  dioxin. 

Finally,  an  example  will  be  given  of  a  macro¬ 
molecule  that  is  not  a  receptor  but  serves  to 
concentrate  very  specifically  metabolites  of  a 
toxic  agent  in  a  specific  tissue. 

Several  years  ago  we  observed  that  administra¬ 
tion  of  radioactive  polychlorinated  biphenyls 
(PCBs)  to  mice  resulted  in  the  accumulation  of 
radioactivity  in  the  lung.  It  could  be  shown  that 
this  radioactivity  represented  methylsulfone  me¬ 
tabolites  of  PCB  and,  in  view  of  the  pronounced 
specificity  of  the  tissue  accumulation,  we  argued 
that  the  most  likely  explanation  might  be  the 
existence  of  a  tissue  specific  protein  interacting 
with  the  particular  PCB  metabolite.  In  the  fol¬ 


lowing  studies  we  used  radioactivelly  labeled 
4,4'-methylsulfone-2,2',  5,5'-tetrachlorobiphenyl 
(PCB  methylsulfone).  The  lung  protein  was 
purified  and  turned  out  to  be  uteroglobin,  a 
protein  that  has  previously  been  studied  primari¬ 
ly  in  the  uterus  [23].  The  PCB  methylsulfone 
mainly  accumulated  in  the  Clara  cells  and,  using 
immunogold-EM  with  antibodies  against  uterog¬ 
lobin,  this  protein  could  be  shown  to  be  localized 
in  secretory  vacuoles  of  the  Clara  cells.  The 
protein  is  secreted  from  the  Clara  cells  and  then 
forms  part  of  the  lining  of  the  bronchiolar 
epithelium.  We  have  recently  managed  to  solve 
the  three-dimensional  structure  of  uteroglobin 
with  the  bound  PCB  methylsulfone  using  NMR 
[24].  The  generated  structure  shows  clearly  how 
the  PCB  methylsulfone  is  situated  in  the  central 
ligand  binding  cavity  of  uteroglobin,  with  hydro¬ 
gen  bonding  between  a  tyrosine  residue  and  the 
oxygen  atoms  in  the  methylsulfone  moiety.  We 
do  not  yet  know  whether  the  interaction  between 
uteroglobin  and  the  PCB  methylsulfone  results  in 
a  deranged  function  of  uteroglobin  (its  function 
has  not  yet  been  elucidated),  but  it  seems  quite 
clear  that  the  reason  for  the  pronounced  lung 
specific  accumulation  of  the  PCB  metabolite  is 
the  tight  interaction  between  the  toxic  agent  and 
uteroglobin.  This  is  of  potential  interest  in  view 
of  the  toxic  symptoms  described  in  lung  tissue 
following  exposure  of  the  organism  to  PCBs. 
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Abstract 

Following  appropriate  stimulation,  such  as  with  tumor  promoters,  ultraviolet  light  or  various  chemical  agents, 
keratinocytes  synthesize  and  secrete  cytokines  which  can  mediate  or  participate  in  dermatotoxic  responses  such  as 
inflammation,  hyperkeratosis,  hypersensitivity  and  skin  cancer.  We  have  determined  the  qualitative  and  quantitative 
cytokine  response  in  primary  human  keratinocyte  cultures  following  exposure  to  several  non-sensitizing  contact 
irritants,  sensitizers  and  ulcerative  agents  as  well  as  a  skin  carcinogen.  The  chemicals  were  also  administered  to 
mice  to  assess  whether  the  dermatotoxic  response  correlated  with  the  in  vitro  production  of  keratinocyte-derived 
cytokines.  Due  to  the  complex  cellular  interactions  that  occur  in  the  skin,  it  was  not  possible  to  identify  specific 
cytokine  profiles  for  most  of  the  classes  of  dermatotoxic  agents  studied.  However,  the  non-sensitizing  contact 
irritants  produced  relative  increases  in  the  synthesis  and  secretion  of  the  proinflammatory  cytokines,  interleukin-1 
and  tumor  necrosis  factor-a,  as  well  as  the  neutrophil  chemotactic  cytokine,  interleukin-8  compared  to  the  other 
chemical  agents.  While  ulcerative  compounds  as  well  as  irritants  elicited  neutrophils  to  the  site  of  chemical 
application  when  applied  to  the  mouse  skin,  time-dependent  and  chemical-specific  patterns  of  inflammation  were 
detected.  Treatment  of  human  keratinocyte  cultures  with  arsenic,  a  human  skin  carcinogen,  resulted  in  a  unique 
cytokine  profile  characterized  by  induction  of  growth  factors,  including  transforming  growth  factor- a  and 
granulocyte-macrophage  colony  stimulating  factor.  Treatment  of  v-Ha-ras  transgenic  mice,  an  animal  model  for 
skin  cancer,  with  arsenic  caused  an  increase  in  the  number  of  papillomas  as  well  as  overexpression  of  these  growth 
factors  suggesting  that  they  participate  in  arsenic-induced  skin  papilloma  development.  These  studies  indicate  a 
diverse  role  exists  for  keratinocyte-derived  cytokines  in  dermatotoxic  actions. 

Keywords:  Inflammatory  cytokines;  Dermatotoxicity;  Skin  immunity;  Keratinocyte-derived  cytokines 
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1.  Introduction 

Mammalian  skin  is  a  complex  organ  that 
contains  many  immune  components.  The  term 
skin-associated  lymphoid  tissue  (SALT)  was 
coined  to  include  the  Langerhans  cells  with  their 
antigen-presenting  properties,  the  cytokine- 
producing  keratinocytes,  homing  T  lymphocytes, 
vascular  endothelial  cells,  and  the  draining  lymph 
nodes  [1].  The  cells  of  the  skin  can  respond 
immunologically  to  environmental  agents  by  the 
induction  of  allergic  contact  dermatitis,  irritant 
contact  dermatitis,  antigen-specific  systemic  im¬ 
munosuppression  and  hyperkeratosis.  Although 
the  primary  function  of  keratinocytes  is  to  pro¬ 
vide  structural  integrity  and  barrier  function  of 
the  epidermis,  recent  studies  have  demonstrated 
the  importance  of  keratinocytes  in  the  initiation 
and  perpetuation  of  these  dermatotoxic  re¬ 
sponses  through  the  elaboration  and  release  of 
cytokines  and  growth  factors.  For  example,  vari¬ 
ous  environmental  stimuli,  such  as  tumor  pro¬ 
moters,  ultraviolet  light  and  chemical  agents  can 
induce  epidermal  keratinocytes  to  release  inflam¬ 
matory  cytokines  (e.g.,  interleukin-1  (IL-1), 
tumor  necrosis  factor-a  (TNF-a)),  chemotactic 
cytokines  (e.g.,  IL-8),  and  growth  promoting 
cytokines  (e.g.,  granulocyte-macrophage  colony 
stimulating  factor  (GM-CSF),  transforming 
growth  factor-a  (TGF-a))  [2,3]. 

Since  a  broad  spectrum  of  dermatotoxic  agents 
exists,  considerable  efforts  have  been  made  to 
develop  predictive  tests  that  assess  their  potential 
toxicity  and  more  recently,  immunotoxicity. 
Many  laboratory  animal  species  have  been  used 
in  skin  irritancy  testing  but  the  most  common  has 
been  the  rabbit,  where  the  skin  test  developed  by 
Draize  et  al.  [4]  has  received  considerable  atten¬ 
tion.  More  recently,  efforts  have  focused  on 
various  in  vitro  tests  using  reconstituted  skin 
models  to  characterize  dermatotoxic  responses. 
Such  tests  have  been  used  as  ‘prescreens’,  which 
if  positive,  may  preclude  the  need  for  animal 
tests.  Our  studies  have  focused  on  attempts  to 
employ  cytokine  synthesis  and  secretion  from 
human  primary  keratinocyte  cultures  as  a  predic¬ 
tive  model  for  the  potential  in  vivo  activity  of 
dermatotoxicants.  Details  of  these  findings  and 


methodology  have  been  published  elsewhere 
[5,6]. 


2.  Materials  and  methods 

2.1.  Test  chemicals 

Benzalkonium  chloride  was  purchased  from 
Aldrich  Chemical  Co.  (Milwaukee,  WI).  Sodium 
arsenite,  dinitrochlorobenzene  (DNCB),  phorbol 
acetate  (TPA)  and  oxazolone  were  obtained 
from  Sigma  Chemical  Co.  (St.  Louis,  MO). 
Phenol  and  sodium  lauryl  sulfate  (SLS)  were 
obtained  from  J.T.  Baker  (Phillipsburg,  NJ)  and 
Schwartz/Mann  Biotech  (Cleveland,  OH),  re¬ 
spectively,  while  chromium  oxide  (CrCL)  was 
provided  by  Research  Triangle  Institute  (Re¬ 
search  Triangle  Park,  NC). 


2.2.  Cell  culture  and  cytokine  secretion 

Cytokine  secretion  was  quantitated  from  cul¬ 
tures  of  normal  human  epidermal  keratinocytes 
(Clonetics,  San  Diego,  CA)  grown  in 
keratinocyte  growth  medium  (KGM;  5).  When 
the  cells  were  55-65%  confluent,  the  medium 
was  changed  to  KGM  without  hydrocortisone  or 
for  arsenic  studies  also  without  bovine  pituitary 
extract  (a  source  of  TGF-a).  The  cells  were 
allowed  to  grow  for  an  additional  24  h  and  fresh 
KGM  was  added  in  the  presence  of  the  test 
chemical.  The  cultures  were  allowed  to  incubate 
for  an  additional  18  h  and  the  supernatants  were 
collected  for  cytokine  quantitation.  Cell  viability 
was  determined  by  Trypan  blue  exclusion  and 
confirmed  by  quantitating  aliquots  of  the  super¬ 
natants  for  the  presence  of  lactate  dehydrogen¬ 
ase  (LDH).  GM-CSF,  IL-la  and  IL-8  concen¬ 
trations  were  determined  by  ELISA  using  com¬ 
mercially  available  systems  and  TNF-a  concen¬ 
trations  measured  by  a  cytolytic  assay  using  L929 
fibroblast  cells  with  actinomycin  D  [5].  Immuno- 
reactive  TGF-a  was  determined  from  superna¬ 
tants  by  Western  blotting  as  previously  described 
[6]. 
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2.3.  In  vivo  studies 

Specific-pathogen-free  BALB/c  AnNCr  female 
mice  were  obtained  from  Charles  River  Breeders 
(Raleigh,  NC)  at  7  weeks  of  age  and  used  in  the 
skin  painting  studies  at  10-16  weeks  of  age.  The 
test  chemicals  were  dissolved  in  either  distilled 
water,  acetone:olive  oil  (4:1  v/v),  or  EtOH  and 
applied  slowly  in  10-/xl  aliquots  to  the  dorsal 
surface  of  both  ears.  The  ear  thickness  was 
measured  with  an  Oditest  D  1000  micrometer 
(The  Dyer  Co.,  Lancaster,  PA)  at  3  and  24  h 
posttreatment.  After  the  mice  were  asphxiated 
with  C02,  one  ear  from  each  mouse  was  re¬ 
moved,  fixed  in  10%  neutral-buffered  formalin, 
and  embedded  in  paraffin.  Median  sagittal  sec¬ 
tions  (5  /xm  thick)  were  prepared  and  stained 
with  hematoxylin  and  eosin  for  histologic  exami¬ 
nation. 

In  studies  with  sodium  arsenite,  we  used  the 
transgenic  mouse  line,  TG.AC,  which  carries  a 
v-Ha -ras  oncogene  fused  to  a  zeta  globin  pro¬ 
moter  [7].  The  transgene  confers  on  the  skin  the 
properties  of  a  genetically  initiated  tissue.  TPA 
and  other  promoters  administered  topically  to 
the  shaved  dorsal  skin  or  wounding  of  the  skin 
readily  induces  squamous  cell  papillomas  which 
can  progress  rapidly  to  squamous  cell  carcinomas 
or  sarcomas  in  TG.AC  mice  [7,8].  By  applying 
limited  doses  of  TPA  (2.5  yug;  2  times/week;  2 
weeks)  to  the  skin  of  TG.AC  mice,  a  modest 
incidence  of  papillomas  (mean  of  3  per  mouse) 
develop  within  4  weeks  (Spalding,  unpublished 
observation).  Wild-type  FVB/N  or  TG.AC  trans¬ 
genic  mice  were  given  0.02%  arsenic  (as  sodium 
arsenite)  in  the  drinking  water  and  4  weeks  later 
TPA  was  applied  to  the  skin  on  the  dorsum. 
Papilloma  development  was  monitored  for  up  to 
16  weeks  following  the  initial  exposure. 


3.  Results  and  discussion 

Each  of  the  dermatotoxicants  were  examined 
over  a  large  concentration  range  to  quantitate 
cytokine  production  in  primary  human 
keratinocyte  cultures  at  cytotoxic  and  non-cyto- 
toxic  levels.  If  significant  leakage  of  LDH 


occurred,  it  was  thought  that  IL-1  a  might  also  be 
released  and  induce  an  autocrine  stimulation  of 
surviving  cells.  However,  detectable  increases  in 
IL-1  a  were  not  observed  in  supernatants  with 
most  chemicals  that  induced  significant  cytotox¬ 
icity,  the  exceptions  being  high  concentrations  of 
croton  oil  and  benzoalkonium  (data  not  shown). 
The  values  shown  for  each  chemical  in  Table  1 
represent  the  change  in  cytokine  secretion  com¬ 
pared  to  control  values  (vehicle  only)  following 
24  h  of  culture  in  the  presence  of  the  test 
chemical  that  produced  the  maximum  change. 
Although  there  was  no  chemical  class-specific 
cytokine  profile,  certain  trends  occurred  which 
were  noteworthy.  First,  the  contact  irritants  pro¬ 
vided  the  most  vigorous  proinflammatory  cyto¬ 
kine  response  with  the  neutrophil  chemokine, 
IL-8,  readily  detected.  Neither  the  chemical 
sensitizers  or  ulcerative  agents  induced  consis¬ 
tent  increases  in  cytokine  responses  and,  in  fact, 
the  latter  class  tended  to  inhibit  secretion.  This  is 
in  contrast  to  observations  by  us  (data  not 
shown)  and  others  where  proinflammatory  cyto¬ 
kines  are  readily  induced  in  the  rodent  skin 
following  in  vivo  application  and  likely  reflects 
the  cellular  interactions  between  T  cells,  kera- 
tinocytes  and  Langerhan  cells  that  can  occur  in 
vivo  [9,10].  In  contrast  to  other  chemicals  ex¬ 
amined,  sodium  arsenite  induced  significant  sec¬ 
retion  of  the  keratinocyte-derived  growth  factors, 
GM-CSF  and  TGF-a.  A  slight  increase  in  TNF-c* 
occurred,  but  there  was  no  effect  on  IL-8  secre¬ 
tion  by  arsenic.  In  all  cases  chemical-induced 
increases  in  cytokine  secretion  coincided  with 
changes  in  cytokine-specific  mRNA  as  deter¬ 
mined  by  reverse  transcription-polymerase  chain 
reaction  RT-PCR  (data  not  shown). 

To  determine  whether  the  differences  in  cyto¬ 
kine  profiles  observed  with  the  test  chemicals 
were  associated  with  specific  histologic  differ¬ 
ences  in  vivo,  the  test  agents  were  applied  to  the 
dorsal  surface  of  mouse  ears,  and  the  skin  was 
examined  for  swelling  and  histopathologic 
changes  at  3  and  24  h  (data  not  shown).  All 
chemicals,  except  arsenic,  induced  edema,  but 
the  extent  and  time  course  for  maximum  ear 
swelling  were  chemical  specific.  Histologic 
evaluation  indicated  that  benzoalkonium,  ox- 
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Table  1 

Effects  of  dermatotoxicants  on  cytokine  secretion  in  cultures  of  human  epidermal  keratinocytes 


Chemical  (concentrations  tested  /xM) 

Cytokine  increase" 

IL-1  a 

TNF -or 

IL-8 

GM-CSF 

TGF-a 

Irritants 

Phenol (100-200) 

3 

2 

11 

1 

ND 

SLS  (0.5-10) 

12 

1 

2 

ND 

ND 

Croton  Oil  (0.8-800) 

5 

5 

112 

16 

12 

Sensitizers 

DNFB  (0.11-5) 

1 

1 

1 

I 

ND 

Oxazolone  (0.08-40) 

1 

>1 

>1 

>1 

ND 

Ulcerative 

CrO.  (0.05-5) 

>1 

>1 

>1 

>1 

ND 

Benzoalkonium  (0.1-5) 

1.4 

>1 

>1 

>1 

ND 

Carcinogenic 

Arsenic  (0.2-8) 

2 

3 

1 

8 

3 

<l  These  values  represent  maximum-fold  increases  or  decreases  from  control  supernatants  (no  test  chemical  added).  Cytokine 
responses  less  than  1.0X  indicate  a  suppression  of  baseline  cytokine  production.  Cytokine  responses  of  l.Ox  indicate  that  there 
was  no  change  in  the  baseline  production.  Cytokine  responses  greater  than  l.Ox  indicate  an  induction  of  a  given  cytokine. 

ND,  not  determined. 


azolone  and  croton  oil  produced  relatively  severe 
and  progressive  changes  for  at  least  24  h.  Ben- 
zoalkonium  caused  patchy  epithelial  necrosis 
followed  by  edema,  leukostasis,  perivascular  cuf¬ 
fing,  and  necrotizing  angitis  with  a  mild  extrava¬ 
sation  of  erythrocytes.  Oxazolone  affected  only 
selected  areas,  characterized  by  a  mild  epidermal 
necrosis  at  the  orifice  of  hair  follicles,  which  was 
followed  by  an  accumulation  of  neutrophils  in 
the  epidermal  layer  where  the  necrosis  first 
occurred.  Croton  oil  did  not  induce  necrosis,  but 
caused  edema  and  mild  leukostasis,  which  was 
followed  by  a  diffuse,  intensive  subepidermal  and 
dermal  neutrophil  infiltration.  SLS,  phenol  and 
Cr03  induced  mild  to  moderate  transient 
changes  that  peaked  within  3  h.  Dinitrofl- 
uorobenzene  (DNFB)  and  SLS  did  not  induce 
necrosis,  but  DNFB  induced  severe  edema  and 
lymphangiectasia  in  which  there  was  little  neu¬ 
trophil  infiltration.  Phenol  application  induced  an 
extensive,  although  patchy,  epidermal  necrosis, 
which  extended  in  some  areas  to  the  subepider¬ 
mis  and  resembled  local  ischemia.  Neutrophil 
infiltration  was  mild  to  moderate  in  these  regions 
as  evidenced  by  leukostasis  and  perivascular 
cuffing  detected  at  3  h,  whereas  the  edema  was 


moderate.  Of  particular  note,  it  was  observed 
that  the  chemical  irritants,  all  of  which  induced 
IL-8,  revealed  a  neutrophil  gradient  following  in 
vivo  application  while  those  chemicals  that  did 
not  produce  the  neutrophil  chemokine  presented 
a  diffuse  neutrophil  pattern. 

Taken  together,  these  studies  suggest  that  the 
generation  and  secretion  of  IL-8  may  provide  a 
useful  biomarker  for  determining  skin  irritants. 
However,  the  cytokine  profiles  induced  by  sen¬ 
sitizers  and  ulcerative  agents  in  keratinocyte 
cultures  was  not  predictive  of  their  in  vivo 
cutaneous  toxicity  and  reflects  the  fact  that 
multiple  mechanisms  and  cell  types  are  involved 
in  the  induction  of  these  dermatotoxic  responses. 
Determining  the  source,  kinetics  of  production, 
and  the  regulation  of  inflammatory  mediators  in 
the  skin  will  be  of  value  in  predicting  various 
toxicities  arising  from  exposure  to  environmental 
agents  and  may  be  helpful  in  the  development  of 
strategies  for  the  treatment  of  environmentally 
based  skin  diseases. 

Both  TGF-a  and  GM-CSF,  as  keratinocyte 
growth  factors,  have  been  associated  with  the 
development  of  skin  papillomas  (review  in  [6]). 
As  these  growth  factors,  particularly  TGF-a,  can 
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serve  as  tumor  enhancers  [11,12]  and  arsenic 
induces  their  secretion,  the  influence  of  arsenic 
on  mouse  skin  tumor  development  was  studied  in 
transgenic  TG.AC  mice  which  carry  a  v-Ha -ras 
oncogene.  As  shown  in  Fig.  1,  within  6  weeks 
following  TPA,  the  incidence  of  papillomas  in 
arsenic-exposed,  TPA-treated  TG.AC  mice  was 
approximately  4-fold  higher  than  in  promoted 
mice  that  had  not  received  arsenic.  The  incidence 
decreased  to  2-fold  10  weeks  following  TPA 
treatment  due  to  the  death  of  animals  with  heavy 
papilloma  burdens  (not  shown).  Papillomas  were 
not  present  in  non-promoted  TG.AC  mice  or 
wild-type  FVB/N  mice  that  had  received  arsenic 
when  observed  up  to  3  months.  These  results 
suggest  that  arsenic  can  serve  as  a  tumor  en¬ 
hancer  but  not  a  complete  carcinogen  or  promot¬ 
er.  The  histopathology  assessment  of  the  papil¬ 
lomas  was  similar  to  that  reported  previously  in 
TG.AC  mice  promoted  with  TPA  [7]  and  were 
predominantly  squamous  cell  papillomas  (data 
not  shown).  Consistent  with  these  observations,  2 
cell  types  in  arsenic-induced  skin  tumors  have 


been  identified  in  humans:  basal  cell  carcinomas 
and  squamous  cell  carcinomas  arising  in  keratotic 
areas.  The  basal  cell  carcinomas  are  usually  only 
locally  invasive  while  squamous  cell  carcinomas 
may  have  distinct  metastases. 

Considering  the  accumulating  evidence  that 
keratinocyte  growth  factors  enhance  skin  tumor 
formation,  the  present  data  suggest  that  arsenic 
exerts  its  carcinogenicity  through  a  similar  mech¬ 
anism  involving  chronic,  low-level  stimulation  of 
keratinocyte-derived  growth  factors  coupled  with 
possible  genetic  effects.  The  high  affinity  of 
arsenic  for  sulfhydryl  groups  leads  to  its  accumu¬ 
lation  and  tenacious  retention  in  keratin-rich 
tissues  such  as  hair  and  skin,  and  tissue  levels  of 
arsenic  have  been  used  as  a  quantitative  in¬ 
dicator  of  exposure  in  humans  [13].  Analysis  of 
hair  samples  collected  from  mice  in  the  present 
studies  showed  that  arsenic  reached  an  average 
content  of  329  ng/g  with  4  weeks  following 
exposure  compared  to  0.6  ng/g  for  controls  (data 
not  shown).  In  addition  to  studies  of  arsenic 
carcinogenicity,  the  present  finding  suggest  that 


Fig.  1.  Papilloma  incidences  in  TG.AC  transgenic  mice  given  0.02%  sodium  arsenite  in  the  drinking  water  starting  at  12  weeks  of 
age.  Mice  were  pretreated  with  arsenite  or  water  for  4  weeks  and  sub-groups  were  treated  4  times  with  2.5  fig  TPA  in  acetone 
(administered  twice  per  week  for  2  consecutive  weeks).  Papillomas  were  not  observed  in  non-TPA-promoted,  arsenic-treated 
transgenic  mice  or  wild-type  FVB/N  mice  (not  shown),  n  =  20  per  group. 
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cultured  human  epidermal  keratinocytes  and  the 
TG.AC  transgenic  mice  may  be  useful  models 
for  assessing  the  tumor-enhancing  properties  of 
chemical  carcinogens. 
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Abstract 

The  toxic  effect  of  xenobiotics  may  be  direct  or  mediated  through  the  release  of  secondary  toxic  mediators  such 
as  proinflammatory  cytokines.  Knockout  mice  (KO  or  -/-)  with  discrete  gene  deletions  obtained  by  homologous 
recombination  may  prove  the  function  of  a  given  cytokine  in  general  and  in  toxico-pathogenesis.  The  technology  is 
briefly  described,  and  a  short  review  of  the  phenotype  of  mice  with  deletions  of  several  proinflammatory  cytokines 
is  given.  The  emphasis  of  this  presentation  is  on  the  role  of  tumor  necrosis  factor,  interleukins  and  interferon-y  in 
endotoxic  shock  and  acute  phase  response.  The  future  application  of  these  mice  for  mechanistic  studies  in 
toxicological  research  is  discussed. 

Keywords:  Knockout-mice;  Endotoxin;  TNF;  Interferon;  IL-1;  ICE;  IL-12 


1.  Introduction 

Cytokines  are  small-molecular-weight  proteins 
acting  often  locally  in  the  tissues  in  an  autocrine 
or  paracrine  fashion,  but  also  a  systemic  activity 
is  observed.  They  comprise  regulatory  factors  of 
the  immune  system,  hemopoiesis,  tissue  repair 
and  inflammation.  A  few  cytokines  are  recog¬ 
nized  as  mediators  of  toxicity,  which  include  the 
proinflammatory  cytokines  tumor  necrosis  factor 
(TNF),  interferon-y  (IFNy),  leukemia  inhibitory 
factor  (LIF)  and  interleukin-1  (IL-1),  IL-6  and 
IL-12. 


1  Present  address:  Institute  of  Pathology,  University  of 
Basel,  Schonbeinstrasse  40,  CH-4031,  Basel,  Switzerland. 


Two  subsets  of  T  helper  (Th)  lymphocytes  can 
be  distinguished  based  on  the  cytokines  they 
produce  and  on  their  function  [1].  Thl  cells 
produce  IL-2,  lymphotoxin  (LT-a),  IFNy  and 
IL-12,  and  promote  a  cellular  or  delayed-type 
hypersensitivity  reaction,  while  Th2  cells  produce 
IL-4,  IL-5  and  IL-10,  and  induce  a  humoral 
immune  response  with  antibody  production. 
Furthermore,  Thl-derived  cytokines  such  as 
IFNy  and  IL-12  inhibit  a  Th2  response,  while 
Th2-derived  IL-4  and  IL-10  inhibit  a  Thl  re¬ 
sponse  and  the  production  of  Thl  cytokines. 

The  physiological  role  of  a  cytokine  can  be 
assessed  by  administering  neutralizing  antibo¬ 
dies,  an  approach  which  has  been  extensively 
exploited  in  the  area  of  TNF  and  IFNy  [2].  More 
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definitive  answers  may  be  obtained  by  inactivat¬ 
ing  a  gene  of  interest,  by  homologous  recombina¬ 
tion  in  embryonic  stem  cells. 

2.  Homologous  recombination,  basic  technique 

This  recent  technology  allows  the  disruption  of 
given  genes  in  embryonic  stem  cells  by  homolo¬ 
gous  recombination,  permitting  the  development 
of  mice  with  specific  genetic  modification  [3]. 
The  targeted  embryonic  stem  cells  are  injected 
into  blastocysts,  which  are  implanted  in  a  pseu¬ 
dopregnant  foster  mother  allowing  the  develop¬ 
ment  of  chimeric  mice.  Breeding  to  homozygosi¬ 
ty  results  in  mice  with  gene  deletions 
knockout  mice).  In  most  instances,  the  deletion 
of  single  cytokine  genes  is  -  with  a  few  excep¬ 
tions  -  compatible  with  normal  life,  suggesting 
that  the  system  has  a  high  degree  of  redundancy. 
It  should  be  mentioned  here  that  nature  pre¬ 
ceded  the  ingenous  molecular  biologists  provid¬ 
ing  us  with  murine  strains  containing  distinct 
cytokine  deficiencies.  The  classical  examples  are 
the  osteopetrotic  mouse  (op/op),  which  lacks 
M-CSF,  and  the  W/W  and  steel  mouse  which 
lack  either  the  receptor  (c-kit)  of  the  stem  cell 
factor  (SCF)  or  its  ligand,  SCF.  Other  interesting 
examples  are  mutation  in  Fas  and  Fas  ligand  in 
the  lpr  and  gld  mice  respectively,  cytokines 
which  belong  to  the  TNF  family. 

3.  Overview  of  the  phenotype  of  cytokine 
knockout  mice 

In  the  last  few  years,  several  cytokines  have 
been  deleted  by  homologous  recombination 
(Ryffel,  in  preparation).  The  phenotype  of  mice 
with  deletions  of  several  proinflammatory  cyto¬ 
kines  such  as  IL-1  and  IFN  is  given  with  em¬ 
phasis  on  our  own  work  on  TNF  inactivation  [4]. 

4.  TNF  family 

TNF,  LT -a  and  ~/3  are  members  of  a  larger 
family  of  related  proteins,  which  have  prominent 
inflammatory,  cytotoxic,  vascular  and  immuno- 
regulatory  effects.  TNF,  LT-a  and  -/?  are  clus¬ 
tered  within  the  MHC  class  II  locus  on  murine 


chromosome  6.  The  membrane  TNF  precursor  is 
cleaved  by  a  yet  unidentified  metalloproteinase 
to  the  soluble  TNF  which  forms  homotrimers  [5]. 
While  TNF  and  LT-a  are  secreted  by  cells,  LT-/3 
occurs  only  as  a  membrane-bound  form.  TNF 
and  LT-a  form  homotrimers  and  bind  to  2 
distinct  receptors,  TNF-R  I  and  II  with  mol.  wt. 
of  55  and  75  kDa,  respectively.  LT-a  and  the 
membrane-bound  LT-/?  form  a  heterotrimer  [6] 
which  signals  through  a  novel  receptor,  the  LT- 
a/3-R  [7].  The  deletion  of  distinct  genes  in  this 
system  allowed  a  better  understanding  of  their 
functions,  which  are  described: 

4.1.  TNF  receptor  knockout 

TNF-R  I-deficient  mice  are  resistant  to  the 
lethal  effect  of  low  doses  of  endotoxin 
(lipopolysaccharide;  LPS)  after  sensitization  with 
D-galactosamine  and  have  an  increased  suscep¬ 
tibility  to  the  facultative  intracellular  bacterium 
Listeria  monocytogenes  [8,9].  Therefore,  the 
TNF-R  I  plays  a  decisive  role  in  host  defense 
against  microorganisms  and  their  pathogenic 
factors.  TNF-R  Il-deficient  mice  are  normal 
except  for  a  increased  sensitivity  to  TNF  [10]. 

4.2.  LT-a-  and  TNF-LT-a  double  knockout 

LT- a -deficient  mice  demonstrated  an  unex¬ 
pected  phenotype  [11]:  mutant  mice  had  no 
detectable  lymph  nodes  and  Peyer‘s  patches, 
dysmorphic  spleen  architecture  with  a  normal 
thymic  architecture.  These  data  suggest  an  essen¬ 
tial  role  for  LT-a  in  the  development  of 
peripheral  lymphoid  organs. 

The  simultaneous  deletion  of  TNF  and  LT-a 
inactivates  all  presently  known  pathways  and 
represents  a  complete  knockout  interrupting 
signalling  through  the  TNF-R  I  and  II  as  well  as 
the  LT-a/3-R  [4].  The  TNF/ LT-a  knockout 
combines  therefore  the  phenotypes  of  TNF-R  I 
(endotoxin  resistance  and  susceptibility  to  Lis¬ 
teria  infection)  and  LT-a  deficiency  (absence  of 
peripheral  lymphoid  organs).  The  double  knock¬ 
out  however  has  additional  features,  e.g.  absence 
of  an  IgA  mucosal  immune  system,  low  IgG  and 
IgA  serum  levels,  defective  IgG  class  switch  in 
response  to  a  T-cell-dependent  antigen,  distinct 
B  lymphocytosis  with  perivascular  lymphoid  infil- 
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tration  in  several  organs,  upregulation  of  major 
histocompatiblity  class  I  antigens  and  reduced 
generation  of  cytotoxic  T  cells  [4].  These  data 
suggest  that  the  combined  lack  of  TNF  and  LT-a 
has  profound  developmental  and  functional  ef¬ 
fects  on  the  immune  system. 

5.  IL-1 

The  IL-1  family  have  proinflammatory  prop¬ 
erties  and  comprise  the  agonistic  IL-1  a  and  (3 
and  the  antagonistic  IL-1  receptor  antagonist, 
which  signal  through  the  type  I  IL-1  receptor. 
Inactivation  of  the  IL-1  genes  has  been  recently 
achieved:  mice  with  disrupted  IL-1  ligands  de¬ 
velop  normally,  and  they  appear  to  be  sensitive 
to  endotoxic  shock  (unpublished).  Related  to 
IL-1  is  the  IL-1/3  converting  enzyme  (ICE), 
which  is  a  cysteine  protease  and  processes  the 
inactive  31-kDa  IL-1/?  precursor  to  the  active, 
proinflammatory  17-kD  mature  IL-1/?.  Upon 
endotoxin  stimulation  mice  with  disrupted  ICE 
gene  do  not  produce  IL-1  (3  or  IL-1  a  and  have  a 
reduced  synthesis  of  TNF  and  IL-6.  The  mutant 
mice  are  resistant  to  endotoxic  shock  [12,13]. 

6.  IL-6 

IL-6  is  a  multifunctional  cytokine  with  regula¬ 
tory  effects  on  B  lymphocytes,  hematopoiesis, 
inflammation  and  acute  phase  response. 

Overexpression  of  IL-6  in  mice  resulted  in 
plasmacytosis  and  mesangioproliferative  glomer¬ 
ulonephritis  [14].  Obviously,  these  findings 
provoked  extensive  safety  studies.  High  doses  of 
rhIL-6  given  to  rodents  or  non-human  primates 
induced  thrombocytosis  and  increased  synthesis 
of  acute  phase  proteins  without  any  signs  of 
systemic  toxicity  [15,16]. 

IL-6-deficient  mice  develop  normally.  How¬ 
ever,  IL-6  -/-  mice  fail  to  control  efficiently 
vaccinia  virus  and  Listeria  monocytogenes  in¬ 
fection.  The  inflammatory  acute  phase  response 
after  tissue  damage  or  infection  is  severely  com¬ 
promised,  whereas  it  is  only  moderately  reduced 
after  injection  with  endotoxin  [17,18]. 


7.  IFN 

IFN  comprise  a  large  family  of  proteins:  IFN a 
and  [3  (type  I  IFN),  with  antiviral  and  anti¬ 
proliferative  properties,  and  IFNy  (type  II  or 
immune  IFN)  with  immunoregulatory  roles. 
IFNy  is  produced  by  T  helper  (Th)  cells  and 
natural  killer  (NK)  cells  and  activates  Thl  lym¬ 
phocytes,  macrophages,  NK  cells  and  B  cells. 
The  role  of  IFNy  in  macrophage  activation  and 
hence  in  inflammation  is  now  fully  recognized. 
The  disruption  of  the  gene  for  IFNy  or  its 
receptor  allowed  an  unequivocal  assignment  of 
the  in  vivo  IFNy  functions. 

7.1.  IFNy  receptor  knockout 

Mice  with  disruption  of  the  IFNy-R  gene 
develop  normally  and  have  normal  IFNy  syn¬ 
thesis,  but  are  unresponsive  to  it.  IFNy-R-defi- 
cent  mice  have  clearly  a  defective  natural  resist¬ 
ance:  they  demonstrate  increased  susceptibility 
to  infections  by  Listeria  monocytogenes  and 
vaccinia  virus  despite  normal  cytotoxic  and  Th 
cell  responses  [19].  Further,  IFNy  seems  to  be 
necessary  for  an  antigen-specific  immunoglobulin 
G2a  response  and  for  an  inflammatory  response. 
Therefore,  disruption  of  the  IFNy  signalling 
causes  a  profound  impairment  of  natural  resist¬ 
ance  and  macrophage  functions. 

8.  IL-12 

IL-12  is  a  macrophage-derived  heterodimeric 
cytokine  with  potent  immunostimulatory  effects. 
IL-12  activates  T  and  NK  cells,  which  synthesize 
several  cytokines  including  IFNy  and  activate 
macrophages  [20].  Inactivation  of  either  com¬ 
ponent  of  the  IL-12  heterodimer  (p35  or  p40) 
allows  normal  development,  but  a  diminished 
host  response  is  expected  (unpublished). 

The  activity  and  toxicity  of  IL-12  may  be  in 
part  related  to  its  ability  to  induce  the  synthesis 
of  IFNy.  In  mice,  a  striking  feature  is  anemia  and 
leukopenia  after  IL-12  administration.  There¬ 
fore,  we  investigated  the  effect  of  IL-12  on 
hemopoiesis  in  mice  with  inactivated  IFNy-R 
gene  [19].  We  show  that  the  bone  marrow  de- 
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pression  induced  by  IL-12  in  wild-type  mice 
depends  on  IL-12-induced  IFNy  [21]. 

8.1.  IL-12-induced  hepatitis 

IL-12  recruits  activated  T  cells,  macrophages 
and  NK  cells  into  the  liver  resulting  in  hepatitis, 
which  depends  on  IL-12-induced  endogenous 
IFNy.  IL-12-induced  hepatitis  was  largely  abro¬ 
gated  in  IFNy-R  deficient  mice,  which  are  unre¬ 
sponsive  to  IFNy  [22]. 

9.  Pathophysiology  of  endotoxic  shock 

Based  on  the  results  of  many  recent  inves¬ 
tigations  it  appears  that  several  factors  play  an 
important  role  in  the  pathogenesis  of  endotoxic 
shock  among  which  figure  TNF,  IL-1,  IFNy, 
adhesion  molecules,  nitric  oxide. 

A  central  role  of  TNF  in  endotoxic  shock  was 
demonstrated  by  several  ways.  Administration  of 
neutralizing  TNF  antibodies  or  soluble  receptors 
[23],  inhibition  of  TNF  synthesis  [24]  or  release 
of  TNF  or  by  inhibiting  the  membrane  metallop¬ 
roteinase  necessary  for  cleavage  of  membrane 
bound  TNF  [5],  all  measures  prevent  the  sys¬ 
temic  bioavailability  of  TNF  and  therefore  inhib¬ 
it  lethal  endotoxic  shock  in  mice.  Thus,  resistance 
to  endotoxic  shock  was  correctly  predicted  in 
TNF-R  I  and  TNF/LT  mice  [4,8,9]. 

The  role  of  IFNy  in  endotoxic  shock  was 
assessed  in  IFNy  receptor-deficient  (IFN-yR) 
mutant  mice  [19].  We  reported  increased  resist¬ 
ance  to  LPS  resistance  in  mutant  mice,  tolerating 
100  times  higher  doses  of  LPS  than  the  minimum 
lethal  dose  for  wild-type  mice  after  sensitization 
with  D-galactosamine  (o-GalN).  The  rise  in 
hepatic  enzymes  and  hepatocellular  degeneration 
were  attenuated  in  IFNyR-/  —  mice.  Serum 
TNF  levels  were  about  10-fold  reduced  in  mutant 
mice  given  LPS  or  LPS/D-GalN.  Therefore, 
IFNy  is  a  critical  mediator  of  endotoxic  shock. 
Resistance  to  endotoxin  in  IFNyR-/-  mice, 
which  have  a  disrupted  IFNy-signalling  system,  is 
likely  due  to  depressed  TNF  synthesis,  reduced 
LPS  receptor  expression  and  absence  of  a  direct 
toxic  effect  of  IFNy  [25]. 


ICE  plays  an  important  role  in  the  generation 
of  bioactive  IL-1.  Mice  with  disrupted  ICE  gene 
do  not  produce  IL-1/3  or  IL-1  a  and  produce  only 
little  IL-6  and  TNF  after  stimulation  with  LPS. 
The  mutant  mice  are  therefore  resistant  to  endo¬ 
toxic  shock  [12,13]. 

Deletion  of  adhesion  molecules  such  as 
ICAM-1,  selectins  [26-29]  as  well  as  deletion  of 
the  chemotactic  receptor  [30]  affects  the  extrava¬ 
sation  of  leukocytes  and  as  a  result  the  mice  are 
more  resistant  to  endotoxin  (LPS),  despite  nor¬ 
mal  production  of  TNF  and  IL-1. 

Nitric  oxide  synthase  (NOS)  is  induced  in 
endotoxemia,  and  the  vasodilating  NO  is  re¬ 
leased  into  the  circulation.  Since  NOS-deficient 
mice  display  increased  resistance  to  LPS-induced 
shock,  NO  likely  is  involved  in  the  pathogenesis 
[31,32]. 

LIF  is  also  induced  in  endotoxic  shock  and 
likely  plays  a  role.  Since  LIF-deficient  mice  are 
more  sensitive  to  endotoxic  shock,  these  data 
suggest  that  LIF  has  in  contrast  to  TNF  a 
protective  effect  in  endotoxic  shock  (Weber  et 
al.,  submitted). 

10.  Acute  phase  reaction 

Upon  tissue  injury,  trauma  or  infection,  a 
complex  series  of  reactions  occur  in  the  host  in 
an  effort  to  prevent  ongoing  damage,  isolate  and 
destroy  infective  organisms  and  activate  the 
repair  process.  This  well-orchestrated  immediate 
and  early  reaction  to  inflammation  is  known  as 
the  acute  phase  response  (APR).  An  APR  com¬ 
prises  fever,  release  of  several  vasoactive  and 
chemotactic  factors,  arachidonic  acid  metabolites 
and  the  rapid  and  massive  synthesis  of  hepatic 
acute  phase  proteins  (APP),  e.g.  serum  amyloid 
protein,  C-reactive  protein,  a:2-macroglobulin, 
etc.  The  synthesis  of  APP  is  regulated  by  type  I 
(IL-1,  TNF,  LT)  and  type  II  (IL-6,  IL-11,  LIF) 
cytokines,  glucocorticosteroids  and  insulin  [33], 
As  indicated  before  mice  with  deletion  of  the 
inducing  genes  have  reduced  synthesis  of  APP. 
The  mutant  mice  will  allow  a  better  understand¬ 
ing  of  the  biological  and  especially  of  possible 
protective  role  of  APP  in  toxicity. 
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11.  Conclusion  and  perspective 

This  short  review  on  knockout  mice  demon¬ 
strates  the  function  of  some  proinflammatory 
cytokines.  In  order  to  use  such  animal  models  it 
is  important  that  the  disruption  of  a  single  gene 
does  not  perturb  the  complex  biological  systems. 
In  most  cases  deletion  of  a  single  cytokine  gene 
allowed  normal  development  of  healthy  mice. 
Therefore,  such  animals  are  excellent  tools  to 
investigate  the  role  of  a  given  gene,  which  may 
be  induced  by  a  toxin  for  toxico-pathogenesis. 
The  role  of  TNF  and  IFNy  in  several  pathologi¬ 
cal  and  toxicological  conditions  was  highlighted, 
especially  in  endotoxin  and  IL-12  toxicity.  The 
use  of  knockout  mice  will  be  instrumental  for 
mechanistic  studies  in  the  future. 

Acknowledgements 

This  work  was  supported  by  grants  from  the 
Swiss  National  Science  Foundation  and  3R 
Foundation  Switzerland. 

References 

[1]  Mosmann,  T.R.  and  Coffman,  R.L.  (1989)  TH1  and  TH2 
cells:  different  patterns  of  lymphokine  secretion  lead  to 
different  functional  properties.  Annu.  Rev.  Immunol.  7, 
145-173. 

[2]  Grau,  G.E.  et  al.  (1993)  Tumor  necrosis  factor /cachectin 
as  an  effector  of  T  cell-dependent  immunopatho- 
logy.  Int.  Rev.  Exp.  Pathol.  34,  159-171. 

[3]  Yeung,  R.S.,  Penninger,  J.  and  Mak,  T.W.  (1994)  T-cell 
development  and  function  in  gene-knockout  mice.  Curr. 
Opin.  Immunol.  6(2),  298-307. 

[4]  Eugster,  H.P.,  Miller,  M.,  Ryffel,  B.  et  al.  (1994)  TNFa 
and  LTc*  double  knockout  mice:  definitive  answers  to 
old  questions.  Eur.  Cytokine  Netw.  5,  146. 

[5]  Gearing,  A.  and  Becet,  P,  (1994)  Processing  of  tumor 
necrosis  factor  a  precursor  by  metaloproteinases. 
Nature  370,  555-557. 

[6]  Browning,  J.L.  et  al.  (1993)  Lymphotoxin  beta,  a  novel 
member  of  the  TNF  family  that  forms  a  heteromeric 
complex  with  lymphotoxin  on  the  cell  surface.  Cell 
72(6),  847-856. 

[7]  Crowe,  P.D.  et  al.  (1994)  A  lymphotoxin-beta-specific 
receptor.  Science  264(5159),  707-710. 

[8]  Rothe,  J.  et  al.  (1993)  Mice  lacking  the  tumour  necrosis 
factor  receptor  1  are  resistant  to  TNF-mediated  toxicity 
but  highly  susceptible  to  infection  by  Listeria  monocyto¬ 
genes.  Nature  364(6440),  798-802. 


[9]  Pfeffer,  K.  et  al.  (1993)  Mice  deficient  for  the  55  kd 
tumor  necrosis  factor  receptor  are  resistant  to  endotoxic 
shock,  yet  succumb  to  L.  monocytogenes  infection.  Cell 
73(3),  457-467. 

[10]  Erickson,  S.L.  et  al.  (1994)  Decreased  sensitivity  to 
tumour-necrosis  factor  but  normal  T-cell  development  in 
TNF  receptor-2-deficient  mice.  Nature  372(6506),  560- 
563. 

[11]  De-Togni,  P.  et  al.  (1994)  Abnormal  development  of 
peripheral  lymphoid  organs  in  mice  deficient  in 
lymphotoxin.  Science  264(5159),  703-707. 

[12]  Kuida,  K.  et  al.  (1995)  Altered  cytokine  export  and 
apoptosis  in  mice  deficient  in  interleukin-1  beta  convert¬ 
ing  enzyme.  Science  267,  2000-2002. 

[13]  Li,  P.  et  al.  (1995)  Mice  deficient  in  IL-1  beta-converting 
enzyme  are  defective  in  production  of  mature  IL-1  beta 
and  resistant  to  endotoxic  shock.  Cell  80(3),  401-411. 

[14]  Suematsu,  S.  et  al.  (1989)  IgGl  plasmacytosis  in  inter¬ 
leukin  6  transgenic  mice.  Proc.  Natl.  Acad.  Sci.  USA 
86(19),  7547-7551. 

[15]  Ryffel,  B.,  Mihatsch,  M.J.  and  Woerly,  G.  (1993)  Pathol¬ 
ogy  induced  by  interleukin-6.  Int.  Rev.  Exp.  Pathol.  34, 
79-89. 

[16]  Ryffel,  B.  et  al.  (1994)  Long-term  interleukin-6  adminis¬ 
tration  stimulates  sustained  thrombopoiesis  and  acute- 
phase  protein  synthesis  in  a  small  primate  -  the  mar¬ 
moset.  Blood  83(8),  2093-2102. 

[17]  Kopf,  M.  et  al.  (1994)  Impaired  immune  and  acute- 
phase  responses  in  interleukin-6-deficient  mice.  Nature 
368(6469),  339-342. 

[18]  Fattori,  E.  and  Fattori,  P.V.  (1994)  Defective  inflamma¬ 
tory  response  in  interleukin-6  deficient  mice.  J.  Exp. 
Med.  180,  1243-1240. 

[19]  Huang,  S.  et  al.  (1993)  Immune  response  in  mice  that 
lack  the  interferon-gamma  receptor.  Science  259(5102), 
1742-1745. 

[20]  Brunda,  M.J.  (1994)  Interleukin-12.  J.  Leukoc.  Biol. 
55(2),  280-288. 

[21]  Eng,  V.M.  et  al.  (1995)  The  stimuatory  effects  of 
interleukin-12  on  hematopoiesis  are  antagonized  by  IL- 
12-induced  interferon  gamma  in  vivo.  J.  Exp.  Med. 
181(5),  1893-1898. 

[22]  Car,  B.D.  et  al.  (1995)  Role  of  interferon  gamma  in 
interleukin  12  induced  pathology.  Am.  J  Pathol,  (in 
press). 

[23]  Tracey,  KJ.  and  Cerami,  A.  (1994)  Tumor  necrosis 
factor:  a  pleiotropic  cytokine  and  therapeutic  target. 
Annu.  Rev.  Med.  45,  491-503. 

[24]  Novogrodsky,  A.  et  al.  (1994)  Prevention  of  lipopolysac- 
charide-induced  lethal  toxicity  by  tyrosine  kinase  in¬ 
hibitors.  Science  264(5163),  1319-1322. 

[25]  Car,  B.D.  et  al.  (1994)  Interferon  gamma  receptor 
deficient  mice  are  resistant  to  endotoxic  shock.  J.  Exp. 
Med.  179(5),  1437-1444. 

[26]  Xu,  H.  et  al.  (1994)  Leukocytosis  and  resistance  to 
septic  shock  in  intercellular  adhesion  molecule  1 -de¬ 
ficient  mice.  J.  Exp.  Med,  180(1),  95-109. 


482 


B.  Ryffel  /  Toxicology  Letters  82183  (1995)  477-482 


[27]  Bullard,  D.  et  al.  (1995)  P-Selectin/ICAM-1  double 
mutant  mice:  acute  emigration  of  neutrophils  into  the 
peritoneum  is  completely  absent  but  is  normal  into 
pulmonary  alveoli.  J.  Clin.  Invest.  95,  1782-1788. 

[28]  Subramaniam,  M.  et  al.  (1995)  Reduced  recruitment  of 
inflammatory  cells  in  a  contact  hypersensitivity  response 
in  P-Selectin-deficient  mice.  J.  Exp.  Med.  181,  2277- 
2282. 

[29]  Tedder,  T.,  Steeber,  D.  and  Pizcueta,  P.  (1995) 
L-Selectin-deficient  mice  have  impaired  leukocyte 
recruitment  into  inflammatory  sites.  J.  Exp.  Med.  181, 
2259-2264. 


[30]  Cacalano,  G.  et  al.  (1994)  Neutrophil  and  B  cell  expan¬ 
sion  in  mice  that  lack  the  murine  IL-8  receptor  homolog. 
Science  265(5172),  682-684. 

[31  j  Wei,  X.  et  al.  (1995)  Altered  immune  response  in  mice 
lacking  inducible  nitric  oxide  synthase.  Nature  375,  408- 
410. 

[32]  MacMicking,  J.  et  al.  (1995)  Altered  responses  to 
bacterial  inlcction  and  endotoxic  shock  in  mice  lacking 
inducible  nitric  oxide  synthase.  Cell  81,  641-650. 

[33]  Baumann,  H.  and  Gauldie,  J.  (1994)  The  acute  phase 
response.  Immunol.  Today  15(2),  74-80. 


Toxicology 
Letters 

Toxicology  Letters  82/83  (1995)  483-489  ^ — —  ■  . 

TNFa  and  increased  chemokine  expression  in  rat  lung  after 

particle  exposure 

Kevin  E.  Driscoll3’*,  Diana  G.  Hassenbein3,  Janet  M.  Carter3,  Steven  L.  Kunkelb, 
Timothy  R.  Quinlanc,  Brooke  T.  Mossmanc 

''Human  Safety  Department,  The  Procter  &  Gamble  Company ,  Miami  Valley  Laboratories,  P .O.  Box  538707 \  Cincinnati, 

OH  45253-8707,  USA 

b Department  of  Pathology,  University  of  Michigan,  Ann  Arbor ,  MI  48109,  USA 
c Department  of  Pathology,  University  of  Vermont,  Burlington,  VT,  USA 


Abstract 

Macrophage  inflammatory  protein  2  (MIP-2)  and  CINC  (Cytokine-Induced-Neutrophil-Chemoattractant)  are 
members  of  the  chemokine  family  of  inflammatory  and  immunoregulatory  cytokines.  MIP-2  and  CINC  exhibit 
potent  neutrophil  chemotactic  activity  and  are  thought  to  be  key  mediators  of  inflammatory  cell  recruitment  in 
response  to  tissue  injury  and  infection.  In  the  present  studies,  we  examined  the  potential  involvement  of  MIP-2  and 
CINC  in  particle-elicited  inflammation  in  the  rat  lung  and  the  role  of  TNFa  in  particle-induced  chemokine 
expression.  Acute  intratracheal  instillation  exposure  of  F344  rats  to  a  quartz  or  titanium  dioxide  was  shown  to 
markedly  increase  steady-state  levels  of  MIP-2  and  CINC  mRNA  in  lung  tissue;  a  response  which  was  associated 
with  a  significant  increase  in  neutrophils  in  the  bronchoalveolar  lavage  fluid.  Additional  studies  demonstrated  that 
acute  inhalation  of  crocidolite  fibers  by  rats  also  induced  increased  MIP-2  and  CINC  expression.  Since  previous 
studies  had  demonstrated  that  TNFa  stimulates  MIP-2  and  CINC  expression  in  vitro  and  that  particle  exposure 
induces  TNFa  production  in  rat  lung  we  examined  the  role  of  TNFa  in  a  quartz-induced  MIP-2  gene  expression. 
We  demonstrated  that  passive  immunization  of  mice  against  TNFa  markedly  attenuated  the  increased  lung  MIP-2 
mRNA  seen  in  response  to  a  quartz  inhalation.  Collectively,  these  findings  suggest  that  the  chemokines  MIP-2  and 
CINC  play  a  role  in  neutrophil  recruitment  to  the  rat  lung  after  particle  exposure  and  indicate  that  particle-induced 
expression  of  these  chemokines  is  mediated,  at  least  in  part,  by  production  of  TNFa. 

Keywords:  Chemokines;  Macrophage  inflammatory  proteins;  CINC;  Silica;  Crocidolite;  Asbestos;  Neutrophils 


1.  Introduction  and  elicit  a  neutrophilic  infiltrate  when  injected 

into  the  hind  foot  pads  of  mice  [1],  CINC  was 
MIP-2  was  originally  identified  as  an  approxi-  first  characterized  as  an  IL-1 -inducible  neutro- 

mately  6-kDa  protein  secreted  by  endotoxin-  phil  chemotactic  cytokine  released  by  a  rat 

stimulated  mouse  macrophages  and  shown  to  kidney  epithelial  cell  line  [2].  MIP-2  and  CINC 

exhibit  neutrophil  chemotactic  activity  in  vitro  show  a  high  degree  of  structural  and  functional 

homology  and  are  recognized  as  members  of  a 
*  Corresponding  author.  supergene  family  of  inflammatory  and  immuno- 
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regulatory  cytokines  known  as  chemokines  [3,4], 
MIP-2  and  CINC  can  be  derived  from  a  variety 
of  cell  types  including  macrophages,  neutrophils, 
epithelial  cells  and  fibroblasts  in  response  to 
stimuli,  such  as:  endotoxin;  the  proinflammatory 
cytokines,  TNFa  and  IL-1;  as  well  as  the  protein 
kinase  C  activator  phorbol  myristate  acetate 
(PMA)  [4,5].  An  increasing  number  of  studies 
suggest  that  members  of  the  chemokine  cytokine 
family,  including  MIP-2  and  CINC,  contribute  to 
respiratory  tract  defense  mechanisms  [6].  In  this 
respect,  it  has  been  proposed  that  a  key  pathway 
of  inflammatory  cell  recruitment  to  the  lung 
involves  a  cytokine  network  in  which  TNFa 
produced  by  macrophages  or  other  lung  cells 
stimulates  chemokine  production;  the 
chemokines  then  act  as  the  proximate  mediators 
of  cell  recruitment  [6-9]. 

Inhalation  of  noxious  particles  can  result  in 
pulmonary  inflammation  characterized  by  in¬ 
creases  in  macrophages  and  neutrophils  [10].  The 
elicited  inflammatory  cells  play  an  important  role 
in  host  defense  but  can  also  contribute  to  lung 
injury  through  the  release  of  tissue  damaging 
proteases  and  oxidants  [11-13].  At  present,  the 
mechanisms  underlying  the  recruitment  of  in¬ 
flammatory  cells  after  particle  exposure  remain 
incompletely  understood;  however,  recent 
studies  suggest  chemokines  play  an  important 
role  [5,6].  To  better  understand  the  processes 
underlying  particle-elicited  lung  inflammation, 
we  characterized  the  expression  of  MIP-2  and 
CINC  mRNA  in  the  rat  lung  after  exposure  to  a 
quartz,  titanium  dioxide  and  crocidolite,  particu¬ 
late  materials  which  we  have  previously  shown  to 
increase  production  of  TNFa  by  alveolar  macro¬ 
phages  [5,13].  In  addition,  using  a  passive  im¬ 
munization  model  we  investigated  the  role  of 
TNFa  in  particle-induced  increases  in  rat  lung 
chemokine  expression. 

2.  Materials  and  methods 

2.1.  a  Quartz  and  titanium  dioxide  intratracheal 
instillation  studies 

As  described  elsewhere  in  detail  [5],  groups  of 


male  F344  rats  were  intratracheally  instilled  with 
saline  or  saline  suspensions  of  a  quartz  (minusil; 
mean  diameter  =  2.1  ±  1.1  jam;  surface  area  =  4.5 
m2/g)  or  titanium  dioxide  (Ti02-F)  (from  Fisher 
Scientific;  diameter,  -0.25  jam;  surface  area  =  8.8 
nr/g)  at  a  dose  level  of  2  mg/rat.  The  mineral 
dusts  were  heated  at  200°C  for  2  h  prior  to  use 
for  sterilization  and  inactivation  of  any  endotoxin 
present.  At  2,  6  and  24  h  after  exposure  animals 
were  killed  by  intraperitoneal  (i.p.)  injection  of 
Na  pentobarbital  (50  mg/kg)  and  exsanguination 
via  the  abdominal  aorta.  The  lungs  of  two  ani¬ 
mals/treatment/time  were  removed  enbloc, 
trimmed  of  extraneous  tissue  and  quick  frozen  in 
liquid  nitrogen  for  later  isolation  of  RNA.  RNA 
was  extracted  as  described  by  Chomczynski  and 
Sacchi  [14]  and  analyzed  using  RT-PCR  for  MIP- 
2  and  CINC  mRNA  expression. 

2.2.  Inhalation  of  crocidolite  asbestos 

Male  Fischer  F344  rats  were  exposed  via 
inhalation  to  crocidolite  asbestos  fibers  as  de¬ 
scribed  in  detail  by  Quinlan  et  al.  [19].  Briefly, 
animals  were  exposed  to  National  Institute  of 
Environmental  Health  Sciences  (NIEHS)  refer¬ 
ence  samples  of  crocidolite  at  concentrations  of 
0.1  mg/m3  (approximately  60  fibers  >5  ^im  long/ 
cc  air)  and  8  mg/m3  (approximately  2800  fibers 
>5  jam  lung/cc  air).  Animals  were  given  either  a 
3-h  or  a  6-h  exposure  to  crocidolite  followed  by 
18  h  in  room  air.  They  were  then  killed  by  i.p. 
injection  of  Na  pentobarbital,  the  lungs  lavaged 
and  the  number  and  type  of  lavage  cells  de¬ 
termined.  In  addition,  lungs  were  isolated  and 
RNA  extracted  as  described  by  Chomczynski 
and  Sacchi  [14]  and  analyzed  using  RT-PCR  for 
MIP-2  and  CINC  mRNA  expression. 

2.3.  TNFa  passive  immunization  studies 

Mice  were  used  in  the  passive  immunization 
studies  to  minimize  the  quantity  of  anti-sera 
needed.  Briefly,  groups  of  two  C57B1  mice  were 
given  i.p.  injections  of  0.5  ml  saline,  normal 
rabbit  serum  or  rabbit  anti-mouse  TNFa  anti¬ 
sera.  Eighteen  hours  after  i.p.  injection  the  ani¬ 
mals  were  exposed  to  air  or  an  aerosol  of  100 
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mg/m3  a  quartz  for  6  h.  The  generation  and 
characterization  of  a  quartz  was  as  described 
previously  [15].  Six  hours  after  air  sham  or  a 
quartz  exposure,  animals  were  killed  by  i.p. 
injection  of  Na  pentobarbital  (50  mg  /kg),  the 
lungs  removed  and  RNA  extracted  for  RT-PCR 
analysis  of  MIP-2  mRNA  expression. 

2.4.  Chemokine  expression 

MIP-2  and  CINC  mRNA  transcript  levels  were 
assessed  by  PCR  amplification  of  the  corre¬ 
sponding  cDNAs  as  described  in  detail  elsewhere 
[5],  yS-Actin  or  GAPDH  mRNA  was  evaluated 
concurrent  with  chemokine  mRNA  as  an  inter¬ 
nal  control.  Total  lung  RNA  from  a  normal  rat 
and  from  a  rat  instilled  with  10  pi  g  LPS  and 
sacrificed  6  h  after  exposure  was  analyzed  con¬ 
current  with  unknown  RNA  samples  as  positive 
and  negative  controls  for  chemokine  mRNA 
expression.  The  primers  were  designed  from  the 
published  sequences  for  MIP-2  [24],  CINC  [16], 
/3-actin  [17]  and  GAPDH  [18]  and  were  the 
following: 

MIP-2:  5 ' -GGC ACATC AGGT ACGATCCAG- 
3';  5 ' - ACCCTGCCA AGGGTT G ACTTC-3 ' ; 
CINC:  5'-TTCTCTGTGCAGCGCTGCTG-3'; 
5'-CAGGGTCAAGGCAAGCCTCG-3'; 
yS-actin:  5 '  -CT  CAT  AG  ATGGGC  AC  AGT  GTG- 
3';  5'-AACCGGTCCGCCATGTGCAAG-3'; 
GAPDH:  5'-CAGGATGCATTGCTGACAAT- 
C-3';  5'-GGTCGGTGTGAACGGATTTG-3'. 


3.  Results 

3.1.  Effect  of  dust  exposure  on  lung 
inflammation  and  chemokine  expression 

The  changes  in  lung  MIP-2  mRNA  expression 
and  BAL  cell  number  after  intratracheal  instilla¬ 
tion  with  a  quartz  and  titanium  dioxide  are 
described  in  detail  elsewhere  [5].  Minimal  or  no 
mRNA  for  MIP-2  and  CINC  were  detected  in 
the  lungs  of  saline  instilled  control  rats  (Fig. 
la-c).  Acute  exposure  to  a  quartz  and  titanium 


dioxide  increased  steady-state  levels  of  mRNA 
for  MIP-2  and  CINC.  Increased  MIP-2  and 
CINC  mRNA  was  detected  by  2  h  after  dust 
exposure  and  persisted  until  24  h,  although  the 
levels  of  mRNA  appeared  to  decrease  by  24  h 
after  exposure  particularly  for  the  titanium  diox¬ 
ide-exposed  rats.  Intratracheal  instillation  of  2 
mg  a  quartz  and  titanium  dioxide  resulted  in  a 
significant  increase  in  the  number  of  neutrophils 
in  BAL  fluid  (P<0.05;  ANOVA  followed  by 
Dunnett’s  test)  6  and  24  h  after  dust  exposure 
(Fig.  Id);  no  significant  increase  in  macrophages 
were  detected. 

As  described  previously  by  Quinlan  et  al.  [19], 
exposure  of  rats  for  3  or  6  h  to  8  mg/m3 
crocidolite  fibers  did  not  produce  an  increase  in 
total  cell  numbers  in  BAL  but  did  result  in  a 
significant  increase  in  the  proportion  of  neutro¬ 
phils  in  the  BAL  cell  population  (Fig.  2).  Expo¬ 
sure  to  0.1  mg/m'  did  not  elicit  any  detectable 
change  in  the  numbers  or  types  of  cells  in  BAL 
fluid.  mRNA  for  MIP-2  or  CINC  was  not  de¬ 
tected  in  air  control  rats  (Fig.  3)  but  was  present 
in  the  lungs  of  rats  exposed  for  3  or  6  h  to  10 
mg/m3.  Only  CINC  mRNA  was  detected  in  rat 
lungs  after  3-  or  6-h  exposures  to  0.1  mg/m3 
crocidolite. 


3.2.  Effect  of  passive  immunization  against 
TNFa  on  MIP-2  gene  expression 

To  examine  the  relationship  between  particle- 
induced  TNFa  release  and  BAL  fluid  neutro¬ 
phils  we  conducted  a  study  in  which  mice  were 
passively  immunized  with  anti-TNFa  antibody 
and  given  an  acute  inhalation  exposure  to  a 
quartz.  No  mRNA  for  MIP-2  was  detected  in 
lungs  of  mice  pretreated  with  saline,  rabbit  anti¬ 
murine  TNFa  antisera  or  nonimmune  rabbit  sera 
and  given  an  air-sham  exposure  (data  not 
shown).  In  animals  pretreated  with  saline  or 
nonimmune  rabbit  sera  and  exposed  to  a  quartz, 
MIP-2  mRNA  expression  could  be  clearly  de¬ 
tected  (Fig.  4).  In  contrast,  in  animals  exposed  to 
anti-TNFa  antisera  there  was  an  attenuation  of 
the  a  quartz-induced  increase  in  MIP-2  mRNA 
(Fig.  4). 
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Fig.  1.  MIP-2  and  CINC  mRNA  expression  in  rats  lungs  after  intratracheal  instillation  of  a  quartz  and  titanium  dioxide  (TiO,)- 
Shown  are  cthidium  bromide-stained  gels  for  (A)  MIP-2,  (B)  CINC  and  (C)  (3- actin  PCR  products  (N  =  2  rats)  amplified  from  1 
H°  RNA  from  the  lungs  of  rats  2,  6  and  24  h  after  intratracheal  instillation  of  10  mg/kg  body  weight  a  quartz  or  TiO,  particles. 
(  +  )  and  (-)  controls  represent  lung  RNA  from  LPS  instilled  and  normal  rats,  respectively.  (D)  Numbers  of  neutrophils  obtained 
by  bronchoalveolar  lavage  of  rats  (N  =  4)  2.  6  and  24  h  after  intratracheal  instillation  of  saline  or  10  mg/ kg  body  weight  a  quartz 
and  Ti02;  squares,  saline  control;  triangles,  a  quartz:  circles,  TiO:  (modified  from  [5], 


4.  Discussion 

The  recruitment  of  inflammatory  cells  to  the 
respiratory  tract  is  an  important  component  of 
host  defense.  Cells  such  as  macrophages  and 
neutrophils  can  facilitate  the  pulmonary  clear¬ 
ance  and  inactivation  of  inhaled  particles  and 
pathogens  [20].  Inflammatory  cells,  however,  can 
also  contribute  to  the  pathogenesis  of  lung  dis¬ 
ease  through  the  excessive  release  of  reactive 
oxygen  species  and  proteolytic  enzymes  which 
can  damage  lung  tissue.  In  this  respect,  under¬ 
standing  the  mechanisms  by  which  particles  and 
other  inhaled  materials  stimulate  the  recruitment 


of  inflammatory  cells  should  provide  information 
on  the  regulation  of  an  important  host  defense 
mechanism  as  well  as  insight  into  the  processes 
which  can  contribute  to  the  pathogenesis  of 
particle-induced  lung  disease.  In  the  present 
studies  we  provide  evidence  that  two  members  of 
the  chemokine  cytokine  family,  MIP-2  and 
CINC,  are  likely  mediators  of  particle-elicited 
inflammatory  cell  recruitment  to  the  rat  lung.  In 
addition,  we  demonstrate  that  particle-induced 
expression  of  MIP-2  is  dependent,  at  least  in 
part,  on  early  release  of  the  pro-inflammatory 
cytokine  TNFa.  These  findings  provide  the  first 
in  vivo  data  supporting  a  mechanism  of  particle- 
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Fig.  2.  Effect  of  acute  crocidolite  fiber  inhalation  on  neutro¬ 
philic  inflammation  in  the  rat  lung.  Shown  are  the  pro¬ 
portions  of  neutrophils  in  bronchoalveolar  lavage  fluid  from 
rats  exposed  for  3  or  6  h  to  air  or  to  0.1  and  8  mg/m 
crocidolite  asbestos  fibers.  Results  represent  the  X  ±  S.E.  of 
groups  of  three  rats /exposure;  *statistically  significant  differ¬ 
ences  from  the  air  control  group;  P<0.05  (from  Ref.  [19]). 


Fig.  4.  Effect  of  passive  immunization  of  mice  with  anti- 
TNFa  antisera  on  a  quartz-induced  MIP-2  expression.  Briefl- 
y,  C57B1  mice  were  pretreated  with  0.5  ml  of  saline,  normal 
rabbit  sera  or  rabbit  anti-mouse  TNFa  sera  and  18  h  later 
exposed  to  an  aerosol  of  100  mg/m3  a  quartz  for  6  h.  Six 
hours  after  dust  exposure,  animals  were  sacrificed  and  ex¬ 
pression  of  MIP-2  mRNA  in  the  lungs  determined.  Shown 
are  ethidium  bromide-stained  gels  presenting  the  MIP-2  and 
GAPDH  PCR  products  (N-2  rats)  amplified  from  1  fig  of 
mouse  lung  RNA. 


elicited  lung  inflammation  which  involves  the 
early  release  of  TNFa  and  subsequent  activation 
of  chemokine  production. 

Previous  studies  have  indicated  that  the 
chemokines  MIP-2  and  CINC  may  be  important 
mediators  of  inflammation  after  dermal  wound¬ 
ing,  in  pulmonary  sepsis  as  well  as  in  alcohol- 
induced  liver  injury  [4].  In  the  present  study  we 


demonstrate  that  acute  exposure  of  rats  to  a 
quartz  and  titanium  dioxide  particles  increases 
steady-state  levels  of  MIP-2  and  CINC  mRNA  in 
lung  tissue;  a  response  associated  with  neutro¬ 
philic  inflammation  in  the  lung.  Given  MIP-2  and 
CINC  are  known  to  be  potent  neutrophil 
chemotactic  factors,  the  marked  increase  in  their 
expression  after  a  quartz  and  titanium  dioxide 
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Fig.  3.  Effect  of  acute  crocidolite  fiber  inhalation  on  rat  lung  expression  of  MIP-2  and  CINC  mRNA.  Rats  were  exposed  for  3  or  6 
h  to  air  or  to  0.1  and  8  mg/m3  crocidolite  asbestos  fibers  and  steady-state  levels  of  MIP-2  and  CINC  mRNA  in  lung  tissue 
determined.  Shown  are  ethidium  bromide-stained  gels  presenting  the  MIP-2,  CINC  and  GAPDH  PCR  products  (N-2  rats) 
amplified  from  1  fig  of  rat  lung  RNA. 
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suggests  they  contribute  to  the  inflammatory 
response  elicited  by  these  dusts.  In  addition  to  a 
quartz  and  titanium  dioxide,  we  also  examined 
chemokine  expression  in  rat  lung  after  acute 
inhalation  of  crocidolite  fibers,  since  this  crocido- 
lite  has  been  shown  to  result  in  significant  neu¬ 
trophilic  inflammation  in  the  rat  [19,21],  Similar 
to  the  other  particles,  exposure  to  crocidolite 
increased  steady-state  levels  of  MIP-2  and  CINC 
mRNA  in  the  lung.  Both  MIP-2  and  CINC 
expression  were  observed  at  the  10  mg/m3  expo¬ 
sure  and  this  response  was  associated  with  neu¬ 
trophilic  inflammation.  However,  at  the  low  fiber 
concentration,  0.1  mg/m1,  only  slight  expression 
of  CINC  mRNA  was  detected  and  this  was  not 
associated  with  increased  neutrophils  suggesting 
that  the  level  of  CINC  was  insufficient  to  elicit  an 
inflammatory  response. 

At  present  the  mechanisms  by  which  in  vivo 
exposure  to  a  quartz,  titanium  dioxide  or 
crocidolite  stimulate  chemokine  production  in 
the  rat  lung  is  unknown.  However,  there  is 
evidence  that  the  pro-inflammation  cytokine 
TNFa  plays  an  important  role.  As  mentioned 
above,  TNFa  can  stimulate  release  of  both  MIP- 
2  and  CINC  from  a  variety  of  cell  types.  In  this 
respect,  it  has  been  suggested  that  an  important 
mechanism  of  cell  recruitment  to  the  lung  in¬ 
volves  the  initial  production  of  TNFa  which  then 
acts  via  autocrine  or  paracrine  pathways  to 
activate  lung  cells  to  release  chemokines  which 
provide  the  chemotactic  stimulus  for  cell  recruit¬ 
ment  [4,6-9].  There  are  several  lines  of  evidence 
supporting  a  role  for  TNFa  as  a  key  factor  in 
particle  elicited  pulmonary  inflammation.  For 
example,  studies  with  a  quartz,  titanium  dioxide 
and  crocidolite  exposed  rats  have  demonstrated  a 
significant  positive  correlation  between  in  vivo 
activation  of  macrophage  TNFa  production  and 
the  degree  of  neutrophilic  inflammation  in  the 
lung  [5,13].  Similarly,  a  positive  correlation  has 
been  reported  between  BAL  fluid  TNFa  levels 
and  neutrophilic  inflammation  in  the  lungs  of 
humans  exposed  to  asbestos  or  patients  with 
idiopathic  pulmonary  fibrosis  [22].  In  addition, 
passive  immunization  studies  have  demonstrated 
that  pretreatment  of  rats  with  antibody  to  TNFa 
markedly  attenuates  the  rat  lung  inflammatory 


response  to  titanium  dioxide  or  a  quartz  [6,23]. 
The  demonstration  in  the  present  studies  that 
passive  immunization  of  mice  against  TNFa 
attenuates  a  quartz-induced  MIP-2  gene  expres¬ 
sion  provides  the  first  in  vivo  evidence  that 
TNFa,  in  fact,  facilitates  neutrophil  recruitment 
by  inducing  expression  of  chemokines.  Overall, 
these  new  observations,  combined  with  existing 
information  on  TNFa  production  after  particle 
exposure  provides  compelling  evidence  that  a 
TNFa -mediated  cytokine  network  is  one  of  the 
pathways  underlying  particle-elicited  inflamma¬ 
tory  cell  recruitment. 


Acknowledgement 

This  research  was  partly  supported  by  a  grant 
from  the  U.S.  Environmental  Protection  Agency 
to  B.T.M. 


References 

[1]  Wolpe,  S.D.,  Sherry,  B.,  Juers,  D.,  Davatelis,  G.,  Yurt, 
R.W.  and  Cerami.  A.  (1989)  Identification  and  charac¬ 
terization  of  macrophage  inflammatory  protein  2.  Proc. 
Natl.  Acad.  Sci.  86,  612-616. 

[2]  Watanabe,  K.,  Konishi,  K.,  Fujioka,  ML,  Kinoshita,  S. 
and  Nakagawa.  H.  (1989)  The  neutrophil  chemoattrac¬ 
tant  produced  by  the  rat  kidney  epitheliod  cell  line 
NRK-52E  is  a  protein  related  to  the  KC/gro  protein.  J. 
Biol.  Chem.  264,  19559-19563. 

[3]  Miller.  M.D.  and  Krangel.  M.S.  (1992)  Biology  and 
biochemistry  ol  the  chemokines:  a  family  of  chemotactic 
and  inflammatory  cytokines,  Crit.  Rev.  Immunol.  12. 
17-46. 

[4]  Driscoll,  K.E.  (1994)  Macrophage  inflammatory  pro¬ 
teins:  biology  and  role  in  pulmonary  inflammation.  Exp. 
Lung  Res.  20,  473-489. 

[5]  Driscoll.  K.E.,  Hassenbein,  D.G..  Carter,  J.,  Poynter,  J., 
Asquith,  T.N..  Grant,  R.A.,  Whitten,  J..  Purdon,  M.P. 
and  Takigiku.  R.  (1993)  Macrophage  inflammatory 
proteins  1  and  2:  expression  by  rat  alveolar  macro¬ 
phages,  fibroblasts,  and  epithelial  cells  and  in  rat  lung 
after  mineral  dust  exposure.  Am.  Rev.  Respir.  Cell  Mol. 
Biol.  8.  311-318. 

[6]  Driscoll,  K.E.,  Maurer,  J.K.,  Hassenbein,  D..  Carter,  J., 
Janssen,  Y.M.W.,  Mossman.  B.T.,  Osier.  M.  and  Ober- 
dorster,  G.  (1994)  Contribution  of  macrophage-derived 
cytokines  and  cytokine  networks  to  mineral  dust-in¬ 
duced  lung  inflammation.  In:  D.  Dungworth,  U.  Mohr,  J. 


K.E.  Driscoll  et  al.  /  Toxicology  Letters  82/83  (1995)  483-489 


489 


Mauderly  and  G.  Oberdorster  (Eds.),  Toxic  and  Car¬ 
cinogenic  Effects  of  Solid  Particles  in  the  Respiratory 
Tract,  ILSI  Press,  Washington,  pp.  177-190. 

[7]  Kunkel,  S.L.,  Standiford,  T.,  Kasahara,  K.  and  Stricter, 

R. M.  (1991)  Interleukin-8  (IL-8):  the  major  neutrophil 
chemotactic  factor  in  the  lung.  Exp.  Lung  Res.  17, 
17-23. 

[8]  Standiford,  T.J.,  Kunkel,  S.L.,  Basha,  M.A.,  Chensue, 

S. W.,  Lynch,  J.P.,  III,  Toews,  G.B.,  Westwick,  J.  and 
Strieter,  R.M.  (1990)  Interleukin-8  gene  expression  by  a 
pulmonary  epithelial  cell  line.  A  model  for  cytokine 
networks  in  the  lung.  J.  Clin.  Invest.  86,  1945-1953. 

[9]  Standiford,  T.J.,  Kunkel,  S.L.,  Phan,  S.H.,  Rollins,  B.J. 
and  Strieter,  R.M.  (1991)  Alveolar  macrophage-derived 
cytokines  induce  monocyte  chemoattractant  protein-1 
expression  from  human  pulmonary  type  Il-like  epithelial 
cells.  J.  Biol.  Chem.  266,  9912-9918. 

[10]  Driscoll,  K.E.,  Lindenschmidt,  R.C.,  Maurer,  J.K.,  Hig¬ 
gins,  J.M.  and  Ridder,  G.  (1990)  Pulmonary  response  to 
silica  or  titanium  dioxide:  inflammatory  cells,  alveolar 
macrophage-derived  cytokines,  and  histopathology.  Am. 
J.  Respir.  Cell  Mol.  Biol.  2,  381-390. 

[11]  Mossman,  B.T.,  Bgnon,  J.,  Corn,  M.,  Eaton,  A.  and  Gee, 
J.  (1990)  Asbestosis:  scientific  developments  and  impli¬ 
cations  for  public  policy.  Science  247,  294-301. 

[12]  Rom,  W.N.,  Travis,  D.  and  Brody,  A.R.  (1991).  Cellular 
and  molecular  basis  of  the  asbestos-related  diseases. 
Am.  Rev.  Respir.  Dis.  143,  408-418. 

[13]  Driscoll,  K.E.,  Maurer,  J.J.,  Higgins,  J.  and  Poynter,  J. 
(1995)  Alveolar  macrophage  cytokine  and  growth  factor 
production  in  a  rat  model  of  crocidolite-induced  pul¬ 
monary  inflammation  and  fibrosis.  J.  Toxicol.  Environ. 
Health  46,  155-169. 

[14]  Chomczynski,  P.  and  Sacchi,  N.  (1987)  Single  step 
method  of  RNA  isolation  by  acid  guanidinium  thio¬ 
cyanate-phenol-chloroform  extraction.  Anal.  Biochem. 
162,  156-159. 

[15]  Driscoll,  K.E.,  Lindenschmidt,  R.C.,  Maurer,  J.K.,  Per¬ 
kins,  L.,  Perkins,  M.  and  Higgins,  J.  (1991)  Pulmonary 
response  to  inhaled  silica  or  titanium  dioxide.  Toxicol. 
Appl.  Pharmacol.  Ill,  201-210. 

[16]  Oquendo,  P.,  Alberta,  J.,  Wen,  D.,  Graycar,  J.L.,  De- 


rynck,  R.  and  Stiles,  C.D.  (1989)  The  platelet-derived 
growth  factor-inducible  kc  gene  encodes  a  secretory 
protein  related  to  platelet  a-granules  proteins.  J.  Biol. 
Chem.  264,  4133-4137. 

[17]  Nudel,  U.,  Zakut,  M.,  Neuman,  S.,  Levy,  Z.  and  Yaffe, 
D.  (1983)  The  nucleotide  sequence  of  the  rat  cyto¬ 
plasmic  /3-actin  gene.  Nucleic  Acids  Res.  11,  1769-1771. 

[18]  Fort,  P„  Marty,  L.,  Piechaczyk,  Sabrouty,  S.E.,  Dani,  C., 
Jeanteur,  P.  and  Blanchard,  J.M.  (1985)  Various  rat  adult 
tissues  express  only  one  major  mRNA  species  from  the 
glyceraldehyde-3-phosphate  dehydrogenase  multigenic 
family.  Nucleic  Acids  Res.  13,  1431-1442. 

[19]  Quinlan,  T.R.,  Marsh,  J.P.,  Janssen,  Y.M.W.,  Leslie,  K.O.. 
Hemenway,  D.,  Vacek,  P.  and  Mossman,  B.T.  (1994) 
Dose-responsive  increases  in  pulmonary  fibrosis  after 
inhalation  of  asbestos.  Am.  J.  Respir.  Crit.  Care  Med. 
150,  200-206. 

[20]  Murray,  M.J.  and  Driscoll,  K.E.  (1991)  Immunology  of 
the  respiratory  tract:  an  overview  of  structure  and 
function.  In:  R.  Parent  (Ed.),  Comparative  Biology  of 
the  Normal  Lung,  Vol.  1,  CRC  Press,  Boca  Raton,  FL, 
pp.  725-746. 

[21]  Janssen,  Y.M.W.,  Marsh,  J.B.,  Absher,  M.P.,  Hemenway, 
D.,  Vacek,  P.M.,  Leslie,  K.O.,  Borm,  PJ.A.  and  Moss¬ 
man,  B.T.V.  (1992)  Expression  of  antioxidant  enzymes  in 
rat  lungs  after  inhalation  of  asbestos  or  silica.  J.  Biol. 
Chem.  267,  10625-10630. 

[22]  Zhang,  Y.,  Lee,  T.C.,  Guiliemin,  B.,  Yu,  M.-C.  and  Rom, 
W.N.  (1993)  Enhanced  IL-1£  and  tumor  necrosis  factor- 
ex  release  and  messenger  RNA  expression  in  macro¬ 
phages  from  idiopathic  pulmonary  fibrosis  or  after 
asbestos-exposure.  J.  Immunol.  150,  4188-4196. 

[23]  Driscoll,  K.E.  (1995)  The  role  of  interleukin-1  and 
tumor  necrosis  factor  in  the  lung’s  response  to  silica.  In: 
V.  Castranova,  V.  Vallyathan  and  Wallace  (Eds.),  Silica 
and  Silica-Induced  Lung  Disease:  Current  Concepts, 
CRC  Press,  Boca  Raton,  FL  (in  press). 

[24]  Driscoll,  K.E.,  Hassenbein,  D.,  Howard,  B.W.,  Isfort, 
R.J.,  Cody,  D.,  Tindal,  M.H.,  Suchanek,  M.  and  Carter, 
J.M.  (1995)  Cloning,  expression,  and  functional  charac¬ 
terization  of  rat  MIP-2:  A  neutrophil  chemoattractant 
and  epithelial  cell  mitogen.  J.  Leuk.  Biol.  58,  359-364. 


ELSEVIER  Toxicology  Letters  82/83  (1995)  491-496 


Toxicology 

Letters 


Cytokine  regulation  of  chemical  sensitization 


Ian  Kimber*,  Mark  R.  Holliday,  Rebecca  J.  Dearman 

Zeneca  Central  Toxicology  Laboratory ,  Alderley  Park ,  Macclesfield ,  Cheshire ,  SKIO  4TJ ,  UK 


Abstract 

The  skin  is  an  immunologically  active  tissue.  Epidermal  cells,  both  keratinocytes  and  Langerhans  cells  (LC), 
produce  constitutively  or  can  be  stimulated  to  produce  a  variety  of  cytokines,  many  of  which  play  important  roles  in 
the  induction  and  regulation  of  allergic  responses  to  sensitizing  chemicals.  Tumor  necrosis  factor  a  (TNF-a) 
provides  the  signal  for  LC  migration  from  the  skin  and  granulocyte /macrophage  colony-stimulating  factor 
(GM-CSF),  interleukin  1  (IL-1)  and  other  cytokines  effect  the  functional  maturation  of  LC  and  their  acquisition  of 
immunostimulatory  potential.  The  initial  stimulus  for  induced  or  increased  epidermal  cytokine  production  derives 
from  chemical  exposure,  or  some  other  form  of  skin  trauma.  However,  some  epidermal  cytokines  are  regulated  in 
paracrine  or  autocrine  fashion  by  other  cytokines  produced  locally.  The  availability  of  epidermal  cytokines  has  a 
major  impact  on  the  induction  of  sensitization  and  on  the  characteristics  of  immune  responses  to  chemical  allergens. 

Keywords:  Sensitization;  Epidermal  cytokines;  Langerhans  cells;  T  helper  cells 


1.  Introduction 

The  skin  is  by  definition  the  route  of  exposure 
for  contact  sensitization.  There  is  evidence  also 
that  certain  chemicals  when  encountered  on  the 
skin  may  provoke  the  quality  of  immune  re¬ 
sponse  necessary  for  effective  sensitization  of  the 
respiratory  tract.  The  skin  is  an  immunologically 
active  tissue  and  in  the  context  of  allergic  sensiti¬ 
zation  to  chemicals  its  importance  is  in  transduc¬ 
ing  the  antigenic  signal  to  regional  lymph  nodes. 
Stimulation  of  cutaneous  immune  responses  is 
dependent  upon  the  activity  of  dendritic  cells 
(DC)  and  the  cytokines  that  serve  to  regulate 
their  behaviour.  The  cellular  and  molecular  in¬ 
teractions  necessary  for  the  induction  of  sensiti¬ 
zation  and  that  determine  the  characteristics  of 
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skin  immune  responses  are  the  subject  of  this 
article. 

2.  Langerhans  cells 

Langerhans  cells  (LC)  are  bone  marrow-de¬ 
rived  DC  that  form  a  semi-contiguous  network  in 
the  epidermis.  Here  they  serve  as  a  trap  for 
antigens  encountered  on  the  skin.  LC  resident  in 
the  epidermis  are  able  effectively  to  internalize 
and  process  antigen  in  the  manner  required  for 
subsequent  stimulation  of  immune  responses 
[1,2].  Immune  activation  takes  place  in  regional 
lymph  nodes  and  an  important  function  of  LC  is 
the  transport  of  antigen  from  the  skin  to  lymph 
nodes  draining  the  site  of  exposure.  During  this 
process  of  migration  from  the  epidermis,  via  the 
afferent  lymphatics,  LC  are  subject  to  phenotypic 
changes  such  that  by  the  time  the  local  lymph 
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nodes  are  reached  they  have  acquired  the  charac¬ 
teristics  of  mature  DC  and  are  able  to  present 
antigen  to  responsive  T  lymphocytes  [3].  Thus,  in 
response  to  skin  sensitization  there  is  a  rapid 
accumulation  of  DC,  including  allergen-bearing 
DC,  in  draining  nodes.  These  cells  are  func¬ 
tionally  active  and,  unlike  LC  found  within  the 
epidermis,  will  stimulate  vigorous  immune  re¬ 
sponses  [3,4].  It  is  apparent,  therefore,  that  LC 
exist  in  2  discrete  forms.  In  the  skin  LC  recog¬ 
nize  and  process  antigen.  Subsequently,  as  they 
migrate  from  the  skin  the  capacity  for  antigen 
processing  is  lost  and  exchanged  for  antigen- 
presenting  potential  [1,3].  The  acquisition  of 
immunostimulatory  activity  is  achieved  in  part 
through  the  induced  expression  of  membrane 
proteins  and  glycoproteins  necessary  for  pre¬ 
sentation  of  antigen  to  T  lymphocytes.  It  has 
been  shown  for  instance  that,  compared  with 
epidermal  LC,  the  antigen-bearing  cells  that 
accumulate  in  draining  lymph  nodes  following 
skin  sensitization  display  a  substantial  (5-fold) 
increase  in  the  expression  of  MHC  class  II  (la) 
antigens;  the  membrane  determinants  with  which 
foreign  antigen  must  be  associated  for  recogni¬ 
tion  by  T  lymphocytes  [5].  There  is  in  addition  a 
significant  elevation  of  intercellular  adhesion 
molecule-1  (ICAM-1)  and  B7  expression;  mole¬ 
cules  required,  respectively,  for  the  interaction  of 
DC  with  T  lymphocytes  and  for  the  antigen- 
driven  stimulation  of  T  cell  responses  [6,7].  In 
summary,  the  initiation  of  cutaneous  immune 
responses  to  chemical  allergens  is  dependent 
upon  the  migration  and  functional  maturation  of 
LC.  These  processes  are  effected  by  cytokines 
that  are  produced  locally. 

3.  Epidermal  cytokines 

Both  keratinocytes  and  epidermal  LC  are 
sources  of  cytokines.  Some  of  these  are  produced 
constitutively,  while  for  others  an  external  or 
internal  (autocrine  or  paracrine)  stimulus  is  re¬ 
quired.  Among  the  cytokines  produced  by  kera¬ 
tinocytes  are  interleukins  la,  6,  7,  8,  10  and  12 
(IL-1  a,  IL-6,  IL-7,  IL-8,  IL-10  and  IL-12),  gran¬ 
ulocyte/macrophage  colony-stimulating  factor 
(GM-CSF)  and  other  hemopoietic  growth  fac¬ 


tors,  tumor  necrosis  factor  a  (TNF-a),  trans¬ 
forming  growth  factors  a  and  /3  (TGF-a  and 
TGF-/3)  and  macrophage  inflammatory  protein  2 
(MIP-2).  LC  are  a  source  of  interleukin  1/3  (IL- 
1/3),  IL-6,  IL-12,  TGF-/3,  macrophage  inflamma¬ 
tory  protein  la  (MlP-la)  and  MIP-2  [8,9].  By 
analogy  with  in  vitro  studies  it  is  believed  that 
the  functional  maturation  of  LC  and  the  acquisi¬ 
tion  of  immunostimulatory  potential  are  medi¬ 
ated  by  GM-CSF  acting  in  concert  with  IL-1  and 
possibly  other  epidermal  cytokines  [10].  Another 
cytokine  stimulates  the  migration  of  LC.  It  has 
been  shown  that  the  intradermal  injection  of 
mice  with  homologous  recombinant  TNF-a 
causes  the  migration  of  LC  from  the  epidermis 
and  the  accumulation  of  DC  in  regional  lymph 
nodes  [11,12].  Systemic  treatment  of  mice  with 
neutralizing  anti-TNF-a  antibody  inhibits  almost 
completely  the  arrival  of  DC  in  draining  lymph 
nodes  following  skin  sensitization  [13].  The  in¬ 
duction  of  sensitization  therefore  requires  the 
action  of  certain  epidermal  cytokines  that  are 
induced  or  upregulated  following  skin  contact 
with  chemical  allergen.  Skin  cytokines  may  serve 
also  to  determine  the  characteristics  of  cutaneous 
immune  responses  to  sensitizing  chemicals. 

In  both  man  and  mouse  there  exists  functional 
heterogeneity  among  T  helper  (Th)  cells.  Two 
main  populations,  designated  Thl  and  Th2,  have 
been  identified  that  develop  during  the  evolution 
of  immune  responses.  These  cells  differ  with 
respect  to  the  cytokines  they  elaborate.  Th2  cells 
produce,  among  others,  interleukin  4  (IL-4),  a 
cytokine  required  for  the  initiation  and  mainte¬ 
nance  of  IgE  production,  this  being  the  class  of 
antibody  that  effects  respiratory  sensitization 
[14].  In  contrast,  Thl  cells  mediate  delayed-type 
hypersensitivity  reactions  including  contact  hy¬ 
persensitivity  [15].  A  product  of  Thl  cells,  inter¬ 
feron  y  (IFN-y),  antagonizes  IgE  responses  [16]. 
It  is  clear,  therefore,  that  the  characteristics  of 
immune  responses  to  chemical  sensitizers,  and 
the  type  of  allergic  hypersensitivity  reaction  that 
will  develop  subsequently,  are  to  an  important 
extent  dependent  upon  the  quality  of  induced  Th 
cell  activation.  It  has  been  shown  in  mice  that 
chemicals  known  to  cause  allergic  sensitization  of 
the  respiratory  tract  and  occupational  asthma 
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induce  selective  Th2  cell-type  responses.  Con¬ 
versely,  contact  allergens  considered  not  to  cause 
respiratory  hypersensitivity  provoke  immune  re¬ 
sponses  characteristic  of  Thl  cell  activation 
[17,18]. 

The  development  of  differentiated  Th  cell 
function  is  determined  by  the  relative  availability 
of  cytokines  in  the  immunological  microenviron¬ 
ment.  In  this  way  the  balance  between  certain 
epidermal  cytokines  may  influence  the  quality  of 
cutaneous  immune  responses.  IL-10,  a  product  of 
keratinocytes  (and  Th2  cells)  and  an  inhibitor  of 
Thl-type  responses,  has  been  shown  to  influence 
LC  function,  to  impair  the  ability  of  DC  to 
stimulate  the  production  by  T  lymphocytes  of 
IFN-y  and  to  inhibit  the  elicitation  of  contact 
hypersensitivity  reactions  [19-21].  In  contrast, 
IL-12  promotes  Thl  cell  responses.  This  cyto¬ 
kine,  designated  previously  natural  killer  (NK) 
stimulatory  factor,  is  a  product  of  keratinocytes 
and  has  been  found  recently  to  be  elaborated  by 
DC  also.  IL-12  stimulates  Thl  cell  responses 
directly  and  also  via  the  stimulation  of  IFN-y 
production  by  NK  cells  [22]. 

The  conclusion  is  that  epidermal  cytokines  are 
required  for  the  stimulation  of  cutaneous  im¬ 
mune  responses  to  chemical  sensitizers  and  that 
they  may  serve  also  to  influence  the  quality  of 
those  responses  and  the  type  of  allergic  disease 
that  develops. 

4.  Induction  and  regulation  of  skin  cytokine 
expression 

The  initial  stimulus  for  the  altered  expression 
of  epidermal  cytokines  undoubtedly  derives  from 
local  trauma,  including  encounter  on  the  skin 
with  chemical  allergens.  It  is  known  for  instance 
that  skin  sensitization,  skin  irritation  and  irradia¬ 
tion  with  ultraviolet  light  all  result  in  the  in¬ 
creased  production  by  keratinocytes  of  TNF-a 
[23,24],  It  is  clear,  however,  that  epidermal 
cytokines  can  be  regulated  in  paracrine  fashion. 
As  a  consequence,  altered  expression  in  some 
instances  may  not  result  directly  from  an  external 
stimulus,  but  rather  from  paracrine  stimulation 
by  other  cytokines.  It  was  shown  by  Enk  and 
Katz  [23]  that  very  rapidly  following  skin  sensiti¬ 


zation  of  mice  there  is  an  increased  expression  by 
local  LC  of  mRNA  for  IL-1£.  In  subsequent 
experiments  intradermal  injection  of  IL-1/3  alone 
was  found  to  initiate  many  of  the  changes  associ¬ 
ated  with  skin  sensitization,  including  the  in¬ 
creased  expression  of  keratinocyte  TNF-a  [25]. 
In  recent  investigations  in  this  laboratory  we 
have  considered  whether  another  epidermal 
cytokine,  IL-6,  may  be  regulated  in  paracrine 
fashion  during  the  induction  phase  of  contact 
sensitization.  IL-6  is  produced  constitutively  by 
LC,  whereas  expression  by  keratinocytes  is  in¬ 
ducible  [26],  The  potential  relevance  of  IL-6  to 
the  development  of  sensitization  is  that  this 
cytokine  serves  as  a  costimulator  of  T  lympho¬ 
cyte  activation  and  that  its  production  by  drain¬ 
ing  lymph  node  cells  is  induced  following  topical 
exposure  of  mice  to  chemical  allergens  [27,28]. 
An  important  role  for  IL-6  in  contact  sensitiza¬ 
tion  is  supported  by  the  observation  that  the 
elaboration  by  lymph  node  cells  of  this  cytokine 
correlates  closely  with  the  vigor  of  induced 
proliferative  responses  [29]. 

In  preliminary  experiments  the  production  of 
cutaneous  TNF-a  and  IL-6  was  measured  follow¬ 
ing  topical  exposure  of  mice  to  a  sensitizing 
concentration  of  oxazolone,  a  potent  contact 
allergen.  As  the  results  illustrated  in  Fig.  1 
reveal,  sensitization  resulted  in  the  upregulation 
of  both  cytokines.  Maximal  TNF-a  production 
was  observed  2  h  following  treatment  and  de¬ 
clined  rapidly  thereafter.  Production  of  IL-6  was 
most  vigorous  at  4  h,  but  was  still  elevated 
significantly  24  h  following  exposure.  We 
questioned  whether  the  more  accelerated  induc¬ 
tion  of  TNF-a  might  influence  the  subsequent 
expression  of  cutaneous  IL-6.  Consistent  with 
such  a  role  it  was  found  that  the  intradermal 
injection  of  mice  with  homologous  recombinant 
TNF-a  alone  caused  a  significant  and  rapid 
(within  2  h)  induction  of  increased  IL-6  expres¬ 
sion.  Identical  treatment  of  mice  with  bovine 
serum  albumin,  the  protein  in  which  the  recom¬ 
binant  cytokine  was  suspended,  failed  to  stimu¬ 
late  a  similar  increase  in  cutaneous  IL-6  pro¬ 
duction  (Fig.  2).  Additional  experiments  were 
performed  to  establish  whether  TNF-a  plays  a 
role  in  the  increased  expression  of  IL-6  associ- 
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Fig.  1.  Influence  of  topical  exposure  to  oxazolone  on  cuta¬ 
neous  TNF-a  and  IL-6  production.  Groups  of  BALB/c  strain 
mice  ( n  =4)  were  treated  on  the  shaved  dorsum  with  100  fi  1 
1%  oxazolone  in  4:1  acetone:olive  oil  (AOO)  (•),  or  with  an 
equal  volume  of  AOO  alone  (O).  At  various  times  thereafter 
skin  homogenates  were  prepared  from  the  exposure  site  and 
TNF-a  (a)  and  IL-6  (b)  content  measured  using  the  L929 
cytotoxicity  assay  and  an  enzyme-linked  immunosorbent 
assay  (ELISA),  respectively.  Results  (mean  ±  S.E.)  from  a 
representative  experiment  are  expressed  as  ng  cytokine /g 
tissue.  Limit  of  detection  (horizontal  line)  =  0.05  ng  TNF-c*/ g 
tissue. 


ated  with  skin  sensitization.  Groups  of  mice  were 
treated  i.p.  with  a  neutralizing  anti-TNF-cr  anti¬ 
body,  or  with  a  control  serum,  90  min  prior  to 
sensitization  with  oxazolone.  Mice  that  had  re¬ 
ceived  antibody  displayed  a  significant,  but  in¬ 
complete,  inhibition  of  oxazolone-induced  IL-6 
production  (Fig.  3). 

The  conclusion  drawn  is  that  upregulation  of 
IL-6  expression  following  skin  sensitization  is  in 
part  attributable  to  the  paracrine  action  of 
keratinocyte-derived  TNF-a.  The  identity  of  the 
cells  induced  by  TNF-a  to  synthesize  IL-6  is  of 
interest.  LC  have  been  shown  to  express  this 
cytokine  constitutively  [26]  and  the  available 
evidence  suggests  that  the  source  of  IL-6  in 
allergen-activated  draining  lymph  nodes  is  the 
DC  induced  to  accumulate  there.  It  may  be 
therefore  that  TNF -a  acts  directly  on  LC  to 
upregulate  their  expression  of  IL-6.  The  data 
illustrated  in  Fig.  3  reveal  that  not  all  cutaneous 
IL-6  production  associated  with  skin  sensitization 
is  dependent  upon  the  availability  of  TNF-a. 
One  proposal  is  that  increased  total  cutaneous 
IL-6  is  attributable  to  both  an  upregulation  of 
synthesis  by  LC  stimulated  in  paracrine  fashion 
by  TNF-a  and  an  induction  of  keratinocyte 
production  due  to  other  signals  or  secondary  to  a 


Time  (hr) 

Fig.  2.  Influence  of  TNF-a  on  cutaneous  IL-6  production. 
Groups  of  BALB/c  strain  mice  (n  ~  4)  received  30  /xl 
intraderma!  injections  into  the  dorsum  of  each  ear  of  50  ng 
murine  recombinant  TNF-a  (specific  activity  2x  10s  U/mg) 
in  0.1%  bovine  serum  albumin  (BSA)  (open  bars).  Control 
mice  received  an  equal  volume  of  0.1%  BSA  alone  (hatched 
bars).  At  various  times  thereafter  homogenates  of  the  dorsal 
surface  ol  the  ear  were  prepared  and  IL-6  content  measured 
by  ELISA.  Results  (mean  ±  S.E.)  from  a  single  representa¬ 
tive  experiment  are  recorded  as  pg/ml  IL-6. 


Pretreatment 

nil 

NRS 

aTNF-a 
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Fig.  3.  Influence  of  anti-TNF-a  antibody  treatment  on  ox- 
azolone-induced  cutaneous  IL-6  production.  Groups  of 
BALB/c  strain  mice  (n  =  5)  received  a  single  100  /x\  i.p. 
injection  of  neutralizing  rabbit  anti-mouse  TNF-a  antiserum 
diluted  1:5  in  saline.  Control  mice  received  an  equal  volume 
of  normal  rabbit  serum  (NRS)  diluted  to  an  identical  extent. 
Ninety  min  later  mice  were  treated  on  the  shaved  dorsum 


with  100  [i\  1%  oxazolone  (OX)  in  AOO.  Four  h  following 
sensitization  skin  homogenates  were  prepared  from  the 
exposure  site  ol  treated  animals  and  from  naive  (untreated) 
controls  and  IL-6  content  measured  by  ELISA.  Results 
(mean  ±  S.E.)  of  a  single  representative  experiment  are 
expressed  as  ng  IL-6/g  tissue. 
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direct  affect  of  the  chemical.  Certainly  the  view 
is  that  TNF-cr  is  able  to  interact  directly  with  LC 
via  TNF-R2  (the  species-specific  75-kDa  mem¬ 
brane  receptor  for  TNF-or)  [11,12]  and  this  is 
consistent  with  an  induction  by  this  cytokine  of 
elevated  IL-6  expression  by  LC. 

The  above  observations  can  be  formulated  into 
a  generalized  hypothetical  scheme  for  cytokine 
induction  during  the  initiation  phase  of  skin 
sensitization.  An  early  event,  resulting  possibly 
from  the  direct  interaction  of  chemical  allergen 
with  LC,  is  the  increased  production  of  IL-1/3. 
This  cytokine  acts  locally  to  effect  a  number  of 
changes  including  the  induction  of  TNF-cr  syn¬ 
thesis  by  keratinocytes.  TNF-a  serves  in  turn  to 
stimulate  the  migration  of  LC  from  the  epidermis 
and  to  upregulate  the  expression  by  these  cells  of 
IL-6.  The  result  is  that  following  skin  sensitiza¬ 
tion,  LC  that  have  been  stimulated  to  produce 
increased  levels  of  the  costimulatory  molecules 
IL-1/3  and  IL-6  transport  antigen  in  an  immuno¬ 
genic  form  from  the  skin  to  regional  lymph 
nodes.  Interference  with  this  network  of  interac¬ 
tions  will  impair  or  inhibit  the  induction  of 
contact  sensitization. 


5.  Concluding  comments 

The  induction  of  allergic  responses  to  chemical 
sensitizers  encountered  on  the  skin  is  dependent 
upon  the  action  of  cytokines  produced  locally. 
As  described  above,  epidermal  cytokines  provide 
the  signal  for  LC  migration  from  the  skin  to 
draining  lymph  nodes  and  also  mediate  the 
changes  in  LC  phenotype  necessary  for  effective 
presentation  of  the  inducing  allergen  to  respon¬ 
sive  T  lymphocytes.  Altered  or  upregulated  epi¬ 
dermal  cytokine  expression  is  stimulated  rapidly 
following  exposure  to  chemical  allergens  and 
there  is  evidence  that  paracrine  and  autocrine 
processes  are  important  for  the  induction  and 
regulation  of  at  least  some  of  the  cytokines 
associated  with  topical  sensitization.  The  relative 
availability  of  skin  cytokines  may  serve  also  to 
influence  the  quality  of  immune  responses 


provoked  by  chemical  sensitizers  and  thereby  the 
characteristics  of  allergic  disease. 
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Abstract 

Human  exposure  to  chemicals  is  rarely,  if  ever,  limited  to  a  single  chemical.  Therefore,  it  is  essential  that  we 
consider  multiple  chemical  effects  and  interactions  in  our  risk  assessment  process.  However,  with  the  almost  infinitely 
large  number  of  chemical  mixtures  in  the  environment,  systematic  studies  of  the  toxicology  of  these  chemical  mixtures 
with  conventional  methodologies  and  approaches  are  impossible  because  of  the  immense  resources  and  unrealistical¬ 
ly  long  durations  required.  Thus,  the  development  of  ‘Predictive  and  Alternative  Toxicology’  is  imperative.  At 
Colorado  State  University  (CSU),  our  research  effort  is  entirely  devoted  to  this  challenge.  In  order  to  have  a 
reasonable  chance  to  deal  with  the  complex  issue  of  toxicology  of  chemical  mixtures,  we  believe  that  the  following 
concepts  must  be  considered:  (1)  the  utilization  of  computer;  (2)  the  exploitation  of  mathematical/ statistical 
methodologies;  (3)  developing  very  focused,  mechanistically  based,  and  short-term  toxicology  studies;  (4)  coupling 
computer  /mathematical  modeling  with  mechanistically-based  toxicology.  Our  strategy  is  therefore  the  utilization  of 
physiologically-based  pharmacokinetic /pharmacodynamic  (PBPK/PD)  modeling,  coupled  with  very  focused,  model- 
directed  toxicology  experiments  as  well  as  other  statistical /mathematical  methodologies  such  as  Monte  Carlo 
simulation,  isobolographic  analysis,  and  response  surface  methodology.  We  believe  that  ‘Predictive  and  Alternative 
Toxicology’  in  terms  of  tissue  dosimetry  at  the  pharmacokinetic  and  pharmacodynamic  levels  is  achievable  with 
simple  and  complex  but  chemically  defined  mixtures.  In  this  presentation,  we  describe  two  ongoing  research  projects 
as  an  illustration  of  our  ‘Bottom-Up’  and  ‘Top-Down’  approaches  for  handling  the  chemical  mixtures:  (1)  PBPK/PD 
modeling  of  toxicologic  interactions  between  Kepone  and  carbon  tetrachloride  (CC14)  and  the  coupling  of  Monte 
Carlo  simulation  for  the  prediction  of  acute  toxicity;  (2)  the  conceptual  development  of  PBPK/PD  modeling  for  a 
more  complex  chemical  mixture  of  seven  groundwater  contaminants  from  hazardous  waste  sites  and  the  considera¬ 
tion  of  subfractionation  of  this  chemical  mixture. 

Keywords :  Chemical  mixtures;  PBPK/PD  modeling;  Pharmacokinetics;  Pharmacodynamics 
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1.  Introduction 

What  is  a  chemical  mixture?  The  correct 
answer  is  that  almost  everything  around  us  in  the 
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environment  is  a  chemical  mixture:  a  breakfast 
with  pancakes,  raspberries,  orange  juice,  and 
coffee;  a  hamburger  with  lettuce  and  tomato;  a 
gourmet  dinner  of  crawfish,  asparagus  and  wine; 
the  suits  and  dresses  we  wear;  the  cosmetics, 
toiletries  and  medicines  we  use,  etc.  Even  our 
own  body  is  a  chemical  mixture.  Considering  all 
the  above  then,  there  is  really  no  such  a  thing  as 
‘single  chemical  exposure’  in  our  life. 

In  contrast  with  this  reality,  however,  about 
95%  of  the  toxicology  studies  conducted  to  date 
have  been  with  single  chemicals  [1,2].  This  repre¬ 
sents  a  very  slanted  distribution  of  research 
resources.  From  a  different  perspective,  Calab¬ 
rese  [3]  insightfully  concluded  from  the  outcomes 
of  a  number  of  conferences  and  workshops  held 
in  the  1980s,  many  with  participation  of  Blue 
Ribbon  Panels  of  Experts: 

a  careful  reading  of  many  of  the  proceed¬ 
ings  from  conferences,  workshops,  and  reports  of 
expert  committees  reveals  a  repetitious  restate¬ 
ment  of  the  obvious:  for  example,  humans  are 
not  exposed  to  single  agents;  the  environment 
provides  exposure  to  a  complex  daily  mixture  of 
agents;  health  standards  have  long  ignored  the 
issue  of  multiple  exposures;  and  this  should  be  an 
area  of  high  priority...” 

“...  predictive  systems  are  desperately  needed 
since  it  is  impossible  to  study  all  interactions  - 
elementary  statistical  analysis  clearly  illustrates 
the  folly  of  such  an  exercise...” 

Systematic  toxicity  testing  of  chemical  mix¬ 
tures  in  the  environment  or  workplace  using 
conventional  toxicology  methodologies  is  highly 
impractical  because  of  the  immense  numbers  of 
mixtures  involved.  For  example,  a  chemical  mix¬ 
ture  with  25  component  chemicals  has  2[25]  -  1  or 
33  554  431  combinations  (i.e.  one  chemical  at  a 
time,  any  two  chemicals  in  combination,  any 
three  in  combination,  etc.)  [1,2].  Furthermore, 
this  huge  number  of  combinations  is  just  for  one 
concentration  per  chemical.  From  a  different 
perspective,  there  are  about  600  000  chemicals 
being  used  in  our  society  [4].  Just  considering 
binary  chemical  mixtures,  this  means  that  there 
could  be  600  000  X  599  999/2  =  359  999  400  000 
pairs  of  chemicals.  Assuming  that  only  0.001%  of 
these  pairs  of  chemicals  act  synergistically  or 


have  other  toxicologic  interactions,  there  would 
still  be  3  599  994  binary  chemical  mixtures  pos¬ 
sessing  toxicologic  interactions.  Further,  tox¬ 
icologic  interactions  undoubtedly  exist  among 
chemical  mixtures  with  three  or  more  component 
chemicals;  the  number  of  possible  combinations 
for  these  latter  mixtures  is  almost  infinite.  These 
are  astronomically  large  numbers  with  respect  to 
systematic  toxicity  testing. 


2.  Approaches  for  chemical  mixtures 

Given  the  above  discussion,  it  is  obviously 
impossible  to  rely  on  conventional  toxicity  test¬ 
ing  methodologies  to  deal  with  chemical  mix¬ 
tures.  Thus,  we  must  use  and  integrate:  (1) 
computational  technology;  (2)  focused,  mech¬ 
anistically-based,  short-term  toxicology  studies; 
(3)  mathematical/statistical  modeling. 

Can  ‘Predictive  and  Alternative  Toxicology’ 
be  developed  for  chemical  mixtures  using  physio¬ 
logically-based  pharmacokinetics /pharmacody¬ 
namics  (PBPK/PD)  coupled  with  statistical/ 
mathematical  modeling?  In  our  opinion,  the 
answer  to  this  question  is  yes.  Because  the 
toxicity  produced  by  xenobiotics  in  the  body  is 
mediated  by  interactions  between  the  chemicals 
and  their  metabolites  and  biological  molecules  or 
structures  [5],  understanding  pharmacokinetics 
and  pharmacodynamics  of  xenobiotics  is  there¬ 
fore  a  necessity  in  toxicology.  With  the  advent  of 
PBPK/PD  and  computer  modeling,  correlation 
of  quantitative  and  temporal  descriptions  of 
xenobiotic  concentrations  at  target  tissues  or 
organs  with  specific  toxicides  becomes  an  attain¬ 
able  reality.  By  linking  the  interactive  chemical 
components  in  a  chemical  mixture  at  the  level  of 
pharmacokinetic  and/or  pharmacodynamic 
modeling,  we  believe  that  it  is  possible  to  deal 
with  the  health  effects,  collectively,  of  the  chemi¬ 
cal  mixture  of  interest. 

We  propose  the  ‘Bottom-Up’  and  ‘Top-Down’ 
approaches  for  reaching  the  ultimate  goal  of 
predictive  and  alternative  toxicology  for  chemical 
mixtures.  Using  examples,  we  explain,  briefly, 
these  two  approaches  below. 
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2.1.  Bottom-up  approach 

The  ‘Bottom-Up’  approach  refers  to  sys¬ 
tematic  toxicologic  interaction  studies  starting 
with  binary  chemical  mixtures  based  on  toxic 
mechanism(s).  Using  PBPK/PD  modeling  as  a 
guide,  a  third,  fourth,  etc.  chemical  is  then  added 
based  on  mechanistic  considerations.  In  this  way, 
we  build  up  the  chemical  mixture  as  well  as  the 
interlinkage  of  PBPK/PD  modeling  of  all  the 
components  of  the  chemical  mixture.  Ultimately, 
the  integrated  PBPK/PD  model  would  encom¬ 
pass  all  the  toxicologic  interactions  in  the  chemi¬ 
cal  mixture  and  it  would  be  able  to  predict 
toxicities  for  the  entire  mixture.  For  instance,  we 
have  already  studied  the  toxicologic  interactions 
with  respect  to  impairment  of  liver  regeneration 
by  Kepone  in  the  hepatotoxicity  of  CC14  by 
coupling  experimental  toxicology,  PBPK/PD 
modeling,  and  Monte  Carlo  simulation  [6,7]. 
Since  Kepone  pretreatment  is  a  prerequisite  for 
this  toxicologic  interaction,  we  must  hold 
Kepone  as  a  constant  component  in  all  mixtures. 
Thus,  with  the  addition  of  two  new,  known 
hepatotoxins,  1,1,2,2-tetrachloroethane  (1,1, 2,2- 
TE)  and  hexachloro-1, 3-butadiene  (HCBD),  two 
new  binary  chemical  mixtures  are  formed  (i.e. 
Kepone  +  1,1,2,2-TE;  Kepone  +  HCBD).  Model¬ 
ing  and  experimental  toxicology  results  may  be 
obtained  on  these  binary  chemical  mixtures. 
Subsequently,  we  may  form  the  three-component 
chemical  mixtures  (i.e.  Kepone  +  CC14  +  1,1,2,2- 
TE;  Kepone  +  CC14  +  HCBD;  Kepone  + 
1,1,2,2-TE  +  HCBD),  and  the  four-component 
chemical  mixture  (i.e.  Kepone  +  CC14  +  1,1,2,2- 
TE  +  HCBD).  Of  course,  modeling  and  ex¬ 
perimental  toxicology  results  will  be  obtained  on 
these  chemical  mixtures  as  well.  In  this  manner, 
more  and  more  complicated  chemical  mixtures 
are  built  up  based  on  mechanisms  of  toxicity. 

As  a  glimpse  of  the  possible  utility  of  this  type 
of  approach,  we  discuss  the  findings  of  PBPK/ 
PD  modeling  of  a  binary  chemical  mixture 
(Kepone  and  CC14)  based  on  mechanisms  of 
toxicity  of  interactions  and  the  application  of 
computer  technology  in  acute  toxicity  studies. 

The  discussion  follows  the  order  of:  (1)  back¬ 
ground  toxicology  information  on  Kepone  and 


CC14  singly  and  in  combination;  (2)  our  effort  on 
PBPK/PD  modeling  and  model  validation  using 
published  data;  (3)  the  coupling  of  PBPK/PD 
model  with  Monte  Carlo  simulation  and  the 
prediction  of  acute  toxicity  (i.e.  mortality),  based 
on  pharmacodynamics  of  hepatotoxicity,  in  CC14- 
dosed  rats  with  or  without  pretreatment  of  diet¬ 
ary  Kepone;  (4)  comparison  of  computer-pre¬ 
dicted  results  and  observed  data  from  experi¬ 
ments  conducted  in  our  laboratory. 

CC14  is  a  well-known  hepatotoxin  [8].  Follow¬ 
ing  free  radical  formation  through  the  P450 
enzyme  system,  the  toxicity  of  CC14  can  be  an 
accumulation  of  lipids  (steatosis,  fatty  liver)  and 
degenerative  processes  leading  to  cell  death 
(necrosis)  [8].  Kepone  (also  known  as  chlor- 
decone)  is  found  in  the  environment  as  a  result 
of  photolytic  oxidation  of  Mirex,  a  pesticide  used 
for  the  control  of  fire  ants,  or  as  a  pollutant  from 
careless  and  irresponsible  discharge  [9].  At  rela¬ 
tively  low  levels  (e.g.  10  ppm  in  the  diet),  even 
repeated  dosing  of  Kepone  in  the  diet  up  to  15 
days  caused  no  apparent  toxicity  to  the  liver  [10]. 

The  toxicologic  interaction  between  Kepone 
and  CC14  was  reported  by  Curtis  et  al.  [11].  They 
illustrated  that  a  15-day  dietary  exposure  of  male 
rats  to  Kepone  at  10  ppm,  an  environmentally 
realistic  level  of  contamination,  markedly  en¬ 
hanced  liver  toxicity  produced  by  an  in- 
traperitoneal  (i.p.)  injection  of  a  marginally  toxic 
dose  of  CC14  (100  yul/kg).  This  toxicologic  inter¬ 
action  is  unique  in  that:  (1)  unlike  many  other 
toxicologic  interaction  studies  which  were  usually 
dealing  with  acute  toxicity  at  very  high  doses, 
Kepone  in  this  instance  is  administered  at  a  very 
low  environmental  level;  (2)  CC14  is  also  dosed 
at  a  marginally  toxic  level;  (3)  the  magnitude  of 
toxicologic  interaction  is  very  large.  Based  on 
administered  dose,  the  enhancement  of  CC14 
lethality  is  about  67-fold.  The  mechanism  of  this 
toxicologic  interaction  was  elucidated  to  be  the 
obstruction  by  Kepone  of  the  liver’s  regeneration 
process  [12-14]. 

We  chose  this  binary  interaction  as  a  model 
system  to  develop  our  ‘Bottom-Up’  approach  for 
chemical  mixtures.  As  shown  in  Fig.  1,  the 
pharmacokinetic  portion  of  the  PBPK/PD  model 
was  an  adaptation  of  the  PBPK  model  of  Paus- 
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Physiologically  Based 
Pharmacokinetic  Model 


Linked  to  physiologically  based 
pharmacodynamic  model  for  cellular  injury 
and  death  (see  Figure  3) 

Fig.  1.  A  PBPK  model  for  CCl4  adapted  from  Paustenbach 
et  al.  [15].  Cl  and  CX  are  concentrations  of  CCI4  in  the 
inhaled  (thus  chamber  concentration)  and  exhaled  breath; 
CV  and  CA  represent  venous  and  arterial  blood  concen¬ 
trations  of  CC14;  Q  depicts  blood  flow  rate.  S.  R,  F,  L  refer  to 
slowly  perfused,  rapidly  perfused,  fat,  and  liver  compart¬ 
ments,  respectively;  Vmax  and  Km  are  in  vivo  hybrid  con¬ 
stants  representing  maximal  velocity  and  affinity  constants  for 
enzyme  systems  involved  in  the  metabolism  of  CC14.  (After 
El-Masri  et  al.  [6].) 


tenbach  et  al.  [15].  Initial  verification  (Fig.  2)  of 
this  PBPK  model  was  carried  out  by  using  data 
from  exhaled  breath  analyses  from  CCl4-treated 
rats  in  our  laboratory  [7].  This  PBPK  model  was 
then  linked  with  a  PBPD  model  (Fig.  3),  de¬ 
veloped  in  our  laboratory  based  on  the  latest 
mechanism  of  toxicologic  interaction  between 
Kepone  and  CC14.  By  incorporating  cell  birth/' 
death  processes  into  the  PBPK  /PD  model,  time 
course  computer  simulations  of  mitotic,  injured, 
and  pyknotic  cells  after  treatment  with  CC14 
alone  or  in  combination  with  Kepone  (10  ppm  in 
the  diet  for  15-day  pretreatment)  were  carried 
out.  Verification  of  the  PBPK/ PD  model  was 


Fig.  2.  The  PBPK /PD  model  predictions  of  the  concen¬ 
trations  of  CC14  in  the  exhale  breath  (symbols)  of  CC14- 
treated  rats  for  different  i.p.  injections.  The  lines  are  the 
model  predictions.  (After  El-Masri  et  al.  [6].) 


KDIEI 


Fig.  3.  A  PBPD  model  for  toxicologic  interactions  between 
Kepone  and  CC14.  This  depicts  the  schematic  of  phar¬ 
macodynamic  effects  of  CC14  on  cellular  injury  and  death. 
The  dashed  lines  depicts  the  processes  that  are  affected  by 
the  presence  of  Kepone.  When  cells  are  exposed  to  the 
reactive  metabolites  of  CC14,  their  inherent  death  rate  is 
influenced  by  two  mechanisms.  A  major  mechanism  of 
cellular  injury  leading  to  death  is  through  lipid  accumulation 
which  is  illustrated  here  as  the  formation  of  injured  cells  and 
dead  cells  via  two  rate  constants  KINJ  and  KDIEI.  For 
simplicity,  all  other  causes  of  cell  death  including  natural  cell 
death  and  other  CCl4-related  toxicities  arc  lumped  together 
into  a  hybrid  constant  KDIEI  as  a  second  mechanism.  The 
injured  cells  can  either  be  repaired  back  to  viable  cells  or 
continue  to  die.  All  dead  cells,  whether  induced  to  die  or 
injured  to  death,  are  removed  from  the  liver  by  phagocytosis. 
Additionally,  the  PBPD  model  considers  the  effects  of  CC14. 
alone  or  in  combination  with  Kepone,  on  cellular  mitotic  and 
birth  rates.  (After  El-Masri  et  al.  [6].) 

carried  out  by  comparing  simulation  results  with 
existing  time  course  data  in  the  literature  [16]  as 
shown  in  Figs.  4  and  5. 
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Fig.  4.  The  PBPK/PD  model  predictions  of  the  pyknotic, 
injured  and  mitotic  cells  from  rats  exposed  to  CC14  only.  The 
experimental  data  were  obtained  from  Lockard  et  al.  [16]. 
The  model  predictions  are  given  by  the  solid  lines.  (After 
El-Masri  et  al.  [6].) 


Fig.  5.  The  PBPK/PD  model  description  of  the  pyknotic, 
injured  and  mitotic  cells  from  rats  exposed  to  CC14  and 
Kepone  pretreatment.  The  experimental  data  were  obtained 
form  Lockard  et  al.  [16].  The  model  predictions  are  given  by 
the  solid  lines.  (After  El-Masri  et  al.  [6].) 

To  work  toward  the  goal  of  ‘Predictive  and 
Alternative  Toxicology,’  this  PBPK/PD  model 
was  coupled  with  Monte  Carlo  simulation  to 
predict  the  acute  lethality  of  CC14  alone  and  in 
combination  with  Kepone  (10  ppm  in  the  diet  for 
15-day  pretreatment).  In  doing  so,  we  were  able 
to  conduct  acute  toxicity  studies  on  computer 
with  a  very  large  sample  (i.e.  1000  rats/dose)  [7]. 
As  shown  in  Table  1,  these  a  priori  predictions  of 
lethality  were  in  very  good  agreement  with 
experimentally-derived  values  except  at  very 
high  CC14  dose  levels.  In  this  latter  case,  the 


under-prediction  of  lethality  was  due  to  toxicity 
other  than  the  liver,  most  likely  neurotoxic 
effects  on  the  central  nervous  system.  Histomor- 
phometric  analyses  of  liver  supported  this  expla¬ 
nation  [6,7].  The  extent  and  prevalence  of  hepa¬ 
tocellular  necrosis  at  6000  yul/kg  was  dispropor- 
tionally  small  because  some  of  the  rats  died  of 
CNS  effects  of  CC14  before  hepatotoxicity  could 
be  developed. 

2.2.  Top-down  approach 

The  ‘Top-Down’  approach,  as  the  name  im¬ 
plies,  will  start  out  with  a  more  complex  chemical 
mixture  of  several  to  many  component  chemi¬ 
cals.  We  use  below  a  chemical  mixture  of  seven 
groundwater  contaminants  (arsenic,  benzene, 
chloroform,  chromium,  lead,  phenol,  and  tri¬ 
chloroethylene)  to  illustrate  the  essence  of  the 
‘Top-Down’  approach.  From  earlier  studies 
[17,18],  we  have  already  obtained  interesting 
preliminary  findings  on  the  complete  mixture  and 
some  of  its  submixtures.  Since  there  are  2[1]  - 
1  =  127  combinations  for  seven  chemicals  at  only 
one  concentration,  systematic  toxicity  testing  on 
all  the  combinations  is  a  prohibitively  expensive 
effort.  Thus,  we  tried  to  minimize  experimenta¬ 
tion  by  using  educated  guesses  to  set  study 
priorities  on  those  submixtures  to  be  tested.  For 
instance,  the  initial  fractionation  into  a  metal 
submixture  and  organic  chemical  submixture 
appeared  to  be  a  reasonable  first  step.  Because 
we  were  interested  in  finding  out  the  potential 
promoter  activities  of  this  chemical  mixture,  its 
submixtures,  and  components,  further  subfrac¬ 
tionations  according  to  the  known  carcinogenici¬ 
ty  of  these  chemicals  seem  to  be  a  reasonable 
approach  as  well.  In  this  manner,  we  conduct 
experiments  on  finer  and  finer  submixtures  until 
we  get  to  individual  chemicals.  As  a  representa¬ 
tive  scenario,  Fig.  6  illustrates  this  approach 
graphically. 

Using  the  ‘Top-Down’  approach,  we  will  study 
a  total  of  five  chemical  mixtures  and  seven 
individual  chemicals.  Although  the  overall  num¬ 
ber  of  combinations  for  seven  chemicals  is  127, 
we  believe  that  a  simplified  top-down  scheme 
(Fig.  6)  based  on  our  knowledge  and  experience 
for  the  seven  chemicals  would  be  sufficient  to 
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"Top  Down"  Approach 


Fig.  6.  Top-Down’  approach  lo  evaluation  of  chemical 
interactions  in  chemical  mixtures  of  groundwater  contami¬ 
nants  from  Superfund  hazardous  waste  disposal  sites.  (After 
El-Masri  et  al.  [20].) 

tease  out  the  chemicals  responsible  for  the  find¬ 
ings  (i.e.  increased  liver  cell  proliferation  around 
the  hepatic  vein,  pharmacokinetic,  and  enzyme 
kinetic  changes)  from  our  earlier  studies  [17,18]. 

PBPK/PD  modeling  of  chemical  mixtures 
beyond  two  components  is  at  an  embryonic 
stage.  Therefore,  our  discussion  here  is  largely 
conceptual.  The  simplest  and  most  primitive  way 
is  to  consider  the  whole  mixture  as  a  single 
entity.  Depending  on  the  endpoint(s)  chosen 
such  as  liver  cell  proliferation,  enzyme  or  phar¬ 
macokinetic  parameter  changes,  we  may  con¬ 
sider,  in  the  modeling  process,  the  effects  of  this 
entire  chemical  mixture  upon  that  specific  end¬ 
point.  There  are  some  concerns  about  this  ap¬ 
proach  and  they  are  discussed  elsewhere  [19,20]. 


The  most  complicated,  and  thus  most  refined, 
way  is  to  have  a  PBPK/PD  model  for  each  of  the 
chemical  components  in  the  chemical  mixture. 
These  models  are  then  linked  at  pharmacokinetic 
and/or  pharmacodynamic  level(s)  to  include  all 
known  toxicologic  interactions.  Even  though  this 
may  require  very  complex  modeling  and  com¬ 
puter  simulation,  the  current  capability  of 
computational  technology  should  permit  us  to  do 
so.  In  between  the  above  two  ways  is  a  com¬ 
promise  approach.  Here  the  chemical  engineer¬ 
ing  concept  of  ‘lumping  analysis’  [21]  may  be 
applied  to  ‘lump’  certain  chemicals  into  a  group 
as  an  entity.  Considering  the  successful  applica¬ 
tion  of  this  technique  in  chemical  engineering 
processes,  it  is  reasonable  to  assume  that  the 
application  of  ‘lumping  analysis’  for  PBPK/PD 
modeling  of  chemical  mixture  toxicology  is  pos¬ 
sible. 


3.  Future  directions  and  refinement  of  PBPK/ 
PD  modeling 

The  above  experiments  and  approaches  repre¬ 
sent  the  first  step  in  our  development  of  ‘Predic¬ 
tive  and  Alternative  Toxicology.’  There  is  defi¬ 
nitely  room  for  improvement.  Presently,  two 
aspects  are  being  explored.  First,  to  improve  the 
PBPK/PD  model  for  Kepone  and  CC14  inter¬ 
action,  we  are  incorporating:  (1)  a  PBPK  model 
for  Kepone  to  account  for  the  pharmacokinetics 
of  Kepone  which  will  be  linked  with  the  CC14 


R.S.H.  Yang  et  al.  /  Toxicology  Letters  82/83  (1995)  497-504 


503 


Fig.  7.  Further  refinement  of  the  PBPK/PD  Model  for 
Kepone  and  CC14:  addition  of  other  toxicity  endpoints  to 
form  an  ‘Integrated  Toxicology  Model.’  (After  El-Masri  et  al. 
[20].) 

model;  (2)  because  of  the  obvious  limitation  of  a 
PBPK/PD  model  which  centers  exclusively  on 
pharmacodynamics  of  liver  toxicity,  we  should 
consider  the  concept  of  an  Integrated  Toxicolo¬ 
gy  Model’  in  our  PBPK/PD  modeling  to  account 
for  different  toxicologic  endpoints  under  the 
conditions  of  a  wider  dosing  regimen.  Fig.  7  is  a 
graphical  illustration  of  such  a  concept  for 
Kepone  and  CC14.  Second,  PBPK/PD  modeling 
on  more  complex  chemical  mixtures  deserves  a 
great  deal  of  effort.  This  is  an  area  in  which  the 
future  of  toxicology  lies. 


and  suffering  in  the  Hazard  Identification  step; 
(3)  Reducing  the  necessity  of  using  large  uncer¬ 
tainty  factors.  Thus,  PBPK/PD  modeling  will 
provide  more  realism  into  the  risk  assessment 
process.  Of  course,  one  must  be  aware  of  the  fact 
that  PBPK/PD  modeling  has  its  own  intrinsic 
‘uncertainties’;  therefore,  as  much  as  practicable, 
any  PBPK/PD  model  must  be  rigorously  val¬ 
idated  with  experimental  results  before  ‘Predic¬ 
tive  Toxicology’  so  derived  becomes  meaningful. 

The  linkage  of  two  of  the  most  challenging 
areas  in  toxicology  today:  (a)  PBPK/PD  and 
statistical /mathematical  modeling;  and  (b)  ex¬ 
perimental  toxicology  of  chemical  mixtures  will 
have  immense  potential  in  application  to  risk 
assessment  to  chemical  mixtures.  Fig.  8  is  our 
strategy  for  ‘Predictive  and  Alternative  Toxicolo¬ 
gy’  for  chemical  mixtures  and  the  development 
of  ‘Innovative  Risk  Assessment  Methodologies 
for  Chemical  Mixtures.’  We  are  attempting  to 
couple  PBPK/PD  and  other  experimental  tox¬ 
icology  with  isobolographic  analysis  and/or  re¬ 
sponse  surface  methodology  for  the  modeling 
and  analysis  of  toxicologic  interactions.  With  the 
aid  of  techniques  such  as  Monte  Carlo  simula¬ 
tion,  we  may  better  predict  tissue  dosimetry  at 
the  pharmacokinetic  and  pharmacodynamic 
levels.  Using  such  values  as  benchmark  doses, 


4.  Discussion  and  perspectives 

Our  research  effort  on  PBPK/PD  modeling 
with  chemical  mixtures  aims  at  developing  ‘Pre¬ 
dictive  and  Alternative  Toxicology.’  By  ‘Predic¬ 
tive  Toxicology,’  we  are  referring  to  tissue 
dosimetry  at  the  pharmacokinetic  and  phar¬ 
macodynamic  levels.  By  ‘Alternative  Toxicolo¬ 
gy,’  we  are  working  toward  minimizing  animal 
experimentation,  as  illustrated  in  the  example 
given  on  Monte  Carlo  simulation  coupled  with 
PBPK/PD  modeling  of  Kepone/CCl4  interac¬ 
tions.  The  application  of  PBPK/PD  to  risk  as¬ 
sessment  of  chemical  mixtures  may  have  several 
advantages:  (1)  The  incorporation  of  mechanistic 
information  on  toxicologic  interactions;  (2)  It 
conserves  resources  and  it  reduces  animal  killing 


A  Priori  PB-PK/PD  Modeling 

Model  Directed  Focused  Experiments/ 
Efficient  Experimental  Designs  (e.g., 
Central  Composite,  2K  Factorial) 


PB-PK/PD 

and 

Integrated  + 
Toxicity 
Model 


Isobolographic  Analysis  and 
Median  Effect  Principle 
Response  Surface  Methodology 
Monte  Carlo  Simulation 

* 


Predictive  and  Alternative  Toxicology/ 
Target  Tissue  Dosimetry 

* 

Innovative  Risk  Assessment 
Methodologies 


Fig.  8.  Our  proposed  strategy  /approach  to  develop  ‘Predic¬ 
tive  and  Alternative  Toxicology’  and  formulate  ‘Innovative 
Risk  Assessment  Methodology’  for  chemical  mixtures. 
(Modified  from  El-Masri  et  al.  [20].) 
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human  risk  assessment  of  chemical  mixtures  may 
be  carried  out  with  less  uncertainty. 
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Abstract 

Mixtures  of  chemicals  with  different  target  organs  or  the  same  target  organ  but  different  target  sites  or  different 
modes  of  action  did  not  appear  to  be  distinctly  more  hazardous  than  the  individual  chemicals  provided  the  dose 
level  of  each  chemical  in  the  mixture  did  not  exceed  its  own  ‘No-Observed-Adverse-Effect  Level .  Clearly,  for  such 
mixtures  and  exposure  conditions  the  additivity  assumption  did  not  hold.  However,  the  additivity  rule  appeared  to 
be  applicable  ^mixtures  of  chemicals  with  the  same  target  organ  and  the  same  mechanism  of  action  or  receptor 
Fractional  2-factorial  study  designs  were  found  to  be  promising  tools  for  examining  possi  e  com  me  ac  ions 
interactions  of  chemicals  in  a  mixture. 

Keywords:  Simple  mixtures;  Rats;  Similar /different  target  organs/mode  of  action  _ 


1.  Introduction 

Chemical  mixtures  are  characteristic  of  life, 
and  humans  are  concurrently  or  sequentially 
exposed  to  a  huge  number  of  chemicals  [1].  This 
reality  indicates  the  necessity  of  exposure  assess¬ 
ment,  hazard  identification  and  risk  assessment 
of  chemical  mixtures  [2].  However,  it  has  been 
estimated  that  to  date  about  95%  of  the  re¬ 
sources  in  toxicology  are  devoted  to  single 
chemicals  [3].  Fortunately,  the  interest  of  sci¬ 
entists  and  regulators  in  the  toxicology  of  mix¬ 
tures  is  growing. 

National  and  international  organizations  in- 

*  Corresponding  author. 


volved  in  standard  setting  usually  suggest  the  use 
of  simple  dose  or  response  addition  models  for 
assessing  the  hazard  of  a  chemical  mixture, 
ignoring  the  mode  of  action  of  the  chemicals. 
Such  an  approach  is  invalid  for  mixtures  for 
which  the  additivity  assumption  does  not  hold, 
and  will  lead  to  overestimation  of  the  hazard  in 
case  of  chemicals  with  dissimilar  (independent) 
joint  action  and  to  underestimation  of  the  hazard 
in  case  of  chemicals  with  potentiating  interaction. 

One  of  the  major  aims  of  our  Institute’s 
research  programme  on  the  toxicology  of  mix¬ 
tures  is  to  test  the  hypothesis  that  as  a  rule 
exposure  to  mixtures  of  chemicals  at  (low)  non¬ 
toxic  doses  of  the  individual  chemicals  is  of  no 
health  concern  [4].  To  this  end  we  carried  out  a 
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series  of  short-term  oral  and  inhalation  toxicity 
studies  in  rats  with  chemicals  with  the  same  or 
different  target  organs  and  with  similar  or  dis¬ 
similar  mechanism  of  action.  The  present  paper 
describes  studies  with  mixtures  of  chemicals  with: 

(1)  different  target  organs  and/or  different 
modes  of  action; 

(2)  same  target  organ,  different  modes  of  action; 

(3)  same  target  organ,  different  target  sites;  and 

(4)  same  target  organ  (kidneys  or  nose),  similar 
mode  of  action. 

2.  Mixtures  of  chemicals  with  different  target 
organs  and/or  different  modes  of  action 

We  conducted  two  4-week  toxicity  studies  in 
rats  with  combinations  of  8  or  9  different  chemi¬ 


cals,  respectively  [5,6].  Chemicals,  dose  levels 
and  major  target  (organ)  are  presented  in  Tables 
1  and  2.  In  each  study  an  appropriate  control 
group  was  included.  The  major  purpose  of  the 
studies  was  to  determine  whether  simultaneous 
administration  of  the  chemicals  at  doses  equal 
to  the  ‘No-Observed-Adverse-Effect  Level’ 
(NOAEL)  of  each  of  the  individual  chemicals 
would  result  in  a  NOAEL  or  an  adverse-effect 
level  for  the  mixture. 

As  compared  with  the  adverse  effects  seen  at 
the  ‘Lowest-Observed-Adverse-Effect  Level’ 
(LOAEL)  of  the  individual  chemicals,  both  more 
severe  and  less  severe  effects  were  observed 
following  simultaneous  administration  at  the 
LOAEL,  indicating  addition,  potentiating  inter¬ 
action  and  antagonistic  interaction  at  this  dose 


Table  1 

Concentrations  of  test  chemicals  (and  (heir  major  target)  in  food  or  drinking  water  for  various  dose  groups  in  a  4-week  oral 
toxicity  study  ot  a  combination  of  8  chemicals  in  rats  [5]  ^ 


Chemical 

Concentration  (ppm)  in  food  or  drinking  water'1  given  to  the  group 
indicated  bv: 

Major  target  at  LOAEL 

NOAEL/ 10 

NOAEL/3 

NOAEL 

LOAEL 

kno2 

Stannous  chloride 
Na,S2Os 

Metaldehyde 

Loperamide 

Mirex 

Lysinoalanine 

DOTC 

10 

100 

500 

20 

0.5 

0.5 

3 

0.6 

33 

330 

1670 

70 

1.7 

1.7 

10 

2 

100 

1000 

5000 

200 

5 

5 

30 

6 

300 

3000 

20  000 

1000 

25 

80 

100 

30 

Adrenals 

Body  weight,  haemoglobin 
Red  blood  cell,  stomach 
Liver 

Body  weight 

Body  weight,  liver 

Kidneys 

Thymus 

'  Only  KNO:  was  administered  in  the  drinking 

water. 

DOTC,  dwz-octyltin  dichloride. 


Table  2 

Chemicals  and  their  major  target 
in  male  rats  [6] 


organs  as  well  as  the  exposure  levels  (mg/ kg  diet 


or  ppm  in  air)  used  in  a  4-week  toxicity  study 


Chemical _  LOAEL  NOAEL 


AsPirin  5000  1000 

Cadmium  chloride  50  10 

Stannous  chloride  3000  800 

Loperamide  30  ^ 

Spermine  2000  400 

BHA  3000  1000 

DEHP  1000  200 

Dichloromethane  500  100 

Formaldehyde  3  , 


1/3  NOAEL 

330 

3 

260 

2 

130 

330 

65 

30 

0.3 


Target  organ 

Liver,  stomach 
Red  blood  cell,  liver 
Red  blood  cell 
Liver 

Heart,  liver 

Stomach 

Liver 

Blood 

Nose 


BHA,  butyl  hydroxyanisol;  DEHP,  di(2-ethylhexy])phtha!ate. 
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level.  Except  for  some  minor  changes  in  a  few 
parameters,  no  treatment-related  adverse  effects 
were  observed  at  the  NOAEL  of  the  mixtures. 
Both  studies  allowed  the  overall  conclusion  that 
exposure  to  the  mixture  of  chemicals  did  not 
constitute  an  evidently  increased  hazard,  pro¬ 
vided  the  dose  level  of  each  chemical  in  the 
mixture  is  a  NOAEL  [4,7]. 

The  results  of  each  of  the  above  studies  also 
suggested,  though  in  an  indirect  manner  because 
they  were  designated  for  a  different  purpose, 
that  in  case  of  a  quantitatively  arbitrary  composi¬ 
tion  of  these  mixtures  the  NOAEL  of  the  mix¬ 
tures  would  largely,  if  not  exclusively,  be  de¬ 
termined  by  the  NOAEL  of  the  chemical  with 
the  smallest  margin  between  its  actual  level  in 
the  mixture  and  its  true  no-adverse-effect  level, 
assuming  that  the  actual  level  of  each  of  the 
chemicals  in  the  mixture  is  lower  than  its  true 
no-adverse-effect  level.  Or  expressed  in  terms  of 
health  risk,  the  risk  of  the  mixtures  studied  is 
largely,  if  not  entirely,  determined  by  the  risk 
associated  with  the  chemical  in  the  mixture  with 
the  highest  risk  quotient  (‘exposure  level’  di¬ 
vided  by  ‘toxicity  level’),  provided  the  risk  quot¬ 
ient  of  each  of  the  other  chemicals  in  the  mixture 
does  not  exceed  unity.  (We  suggest  to  designate 
the  chemical  in  a  mixture  with  the  highest  risk 
quotient  as  the  ‘most  risky  chemical’  of  the 
mixture  [7].) 

3.  A  mixture  of  chemicals  with  the  same  target 
organ  but  with  different  modes  of  action 

We  carried  out  a  4-week  oral  toxicity  study  in 
rats  with  a  mixture  of  4  nephrotoxicants  adminis¬ 
tered  in  the  diet  [8].  The  selected  chemicals,  the 
dose  levels  and  the  modes  of  action  are  pre¬ 
sented  in  Table  3.  The  aim  of  the  study  was  to 


find  out  whether  simultaneous  administration  of 
4  nephrotoxicants  at  a  dose  equal  to  their  in¬ 
dividual  ‘No-Observed-Nephrotoxic-Effect  Level’ 
(NONEL)  would  result  in  an  adverse-effect  level 
for  the  combination.  A  large  number  of  parame¬ 
ters  was  used  to  assess  the  toxicity  of  the  nephro¬ 
toxicants. 

The  individual  chemicals  caused  slight  growth 
depression  in  males  at  the  ‘Lowest-Observed- 
Nephrotoxic-Effect  Level’  (LONEL)  but  not  at 
the  NONEL,  whereas  the  combination  depressed 
growth  very  slightly  at  the  NONEL  and  severely 
at  the  LONEL.  Males  fed  the  combination 
showed  decreased  renal  concentrating  ability  and 
moderate  histopathological  changes  in  the  kid¬ 
neys  at  the  LONEL,  and  a  dose-dependent 
increase  in  kidney  weight  and  number  of  epi¬ 
thelial  cells  in  the  urine  at  the  NONEL  and  the 
LONEL.  No  adverse  effects  attributable  to  treat¬ 
ment  were  observed  in  rats  fed  the  combination 
at  one-quarter  of  the  NONEL.  It  was  concluded 
that  combined  exposure  to  4  nephrotoxicants  at 
their  individual  NONEL  did  not  constitute  an 
obviously  increased  hazard,  indicating  absence  of 
potentiating  interaction  and  most  probably  also 
of  clear  additivity  [8]. 

4.  Mixtures  of  chemicals  with  the  same  target 
organ  but  with  different  target  sites 

Formaldehyde,  acetaldehyde  and  acrolein  are 
well-known  nasal  irritants.  To  study  possible 
additive  or  interactive  effects  on  the  nasal  epi¬ 
thelium  we  performed  1-  and  3-day  inhalation 
studies  (6  h/day)  with  mixtures  of  these  alde¬ 
hydes,  using  male  Wistar  rats  and  exposure 
concentrations  varying  from  clearly  non-toxic  to 
toxic  (Table  4)  [9].  A  series  of  biochemical  and 


Table  3 

Dose  levels  (ppm  in  the  diet)  and  modes  of  action  of  nephrotoxicants  used  in  a  4-week  feeding  study  in  rats  [8] 


Nephrotoxicant 

NONEL/4 

NONEL 

LONEL 

Mode  of  action 

Lysinoalanine 

7.5 

30 

240 

Metal  ion  chelator 

Mercuric  chloride 

3.75 

15 

120 

Mitochondrial  dysfunction 

Hexachloro- 1 .3-butadiene 

5 

20 

100 

/3-Lyase  mediated  activation 

d-Limonene 

125 

500 

4000 

a2#i-Globulin  accumulation 
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Table  4 

Exposure  concentrations  (ppm)  of  formaldehyde,  acetaldehyde  and  acrolein  used  in  1-  and  3-day  (6  h/day)  inhalation  toxicity 
studies  in  rats  [9] 


Group  codea 

Time  of  exposure  (days) 

Formaldehyde 

Acetaldehyde 

Acrolein 

Control 

1  and  3 

Form/L 

3 

1.0h 

Form /El 

1  and  3 

3.2L‘ 

Acet/L 

1  and  3 

75 0b 

Acet/H 

1  and  3 

15  (XT 

Acro/L 

3 

0.25 b 

Aero /El 

1  and  3 

0.67c 

Mix  1 

3 

1.0b 

0.25 b 

Mix  2 

1  and  3 

1.0b 

750 h 

0.25b 

Mix  3 

1  and  3 

3.2 c 

1 500" 

0.67c 

Form,  formaldehyde;  Acet,  acetaldehyde;  Aero,  acrolein;  L,  low;  H,  high 
NOAEL  (in  fact  0.25  ppm  acrolein  induced  some  very  subtle  changes). 


LOAEL. 


morphological  parameters  was  used  to  assess  the 
nasal  toxicity. 

Effects  were  primarily  observed  after  3  days  of 
exposure.  Cell  proliferation  and  histopatho- 
logical  changes  of  the  nasal  epithelium  induced 
by  Mix  3  (mixture  of  the  aldehydes  at  their 
LOAELs;  Table  4)  appeared  to  be  more  severe 
and  more  extensive  both  in  the  respiratory  and 
olfactory  part  of  the  nose  than  those  observed 
after  exposure  to  the  individual  aldehydes  at 
comparable  exposure  levels.  This  interpretation 
of  increased  nasal  toxicity  of  the  mixture  com¬ 
pared  to  that  of  the  individual  chemicals  might 
be  an  overinterpretation  because  the  increased 
nasal  toxicity  may  (partly)  be  due  to  differences 
in  degree  and  site  of  deposition  of  the  aldehydes 
in  the  mixture  caused  by  differences  in  airflow 
pattern  between  rats  exposed  to  single  aldehydes 
and  rats  exposed  to  mixtures  of  aldehydes.  How¬ 
ever,  neither  effect  addition  nor  potentiating 
interactions  occurred  at  NOAELs  (Mix  1  or  Mix 
2;  Table  4).  Overall,  the  findings  in  these  studies 
with  nasal  cytotoxicants  suggest  that,  for 
NOAELs ,  combined  exposure  to  these  alde¬ 
hydes  with  the  same  target  organ  (nose)  and 
exerting  the  same  type  of  adverse  effect  (nasal 
cytotoxicity),  but  partly  with  different  target  sites 
(different  regions  of  the  nasal  mucosa),  is  not 
associated  with  a  greater  hazard  than  that  associ¬ 
ated  with  exposure  to  the  individual  chemicals. 


5.  Mixture  of  chemicals  with  the  same  target 
organ  and  similar  mode  of  action 

5. 1 .  Nephro toxi can ts 

Subsequent  to  the  study  on  chemicals  with  the 
same  target  organ  (kidney)  but  different  mecha¬ 
nisms  of  action,  we  conducted  a  study  to  test  the 
additivity  assumption  (dose  addition)  under  con¬ 
ditions  of  concurrent,  repeated  exposure  to  simi¬ 
larly  acting  nephrotoxicants,  at  levels  slightly 
below  the  LONEL  of  the  individual  compounds 
[7].  Tetrachloroethylene,  trichloroethylene, 
hexachloro-1, 3-butadiene  and  1,1,2-trichloro- 
3,3,3-trifluoropropene  were  used  as  model  com¬ 
pounds.  Their  nephrotoxicity  results  from  initial 
conjugation  to  glutathione  in  the  liver,  and 
cysteine  conjugate  /3-lyase-mediated  formation 
of  reactive  metabolites  in  the  proximal  tubular 
epithelial  cells.  The  compounds  were  given  to 
female  rats  by  daily  oral  gavage  for  32  days 
either  alone,  both  at  the  LONEL  and  at  the 
NONEL  (equivalent  to  LONEL /4),  or  in  combi¬ 
nations  of  4  (at  the  NONEL  and  LONEL/2)  or  3 
(at  the  LONEL/3)  (Table  5). 

Relative  kidney  weight  was  increased  follow¬ 
ing  exposure  to  the  individual  compounds  at 
their  LONEL  and,  to  about  the  same  extent, 
following  combined  exposure  at  the  NONEL 
(LONEL/4)  or  LONEL/3.  The  other  end- 
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Table  5 

Treatments,  test  chemicals  and  dose  levels  used  in  a  32-day  oral  toxicity  study  with  mixtures  of  nephrotoxicants  in  rats  [7] 


Treatment  (doses  in  mg  /kg  body  weight) 

Total  dose  in  toxicity  units 

Control:  corn  oil  10  ml /kg 

0 

Individual  compounds  at  NONELa 

TETRA  600  mg/kg 

1/4 

TRI  500  mg /kg 

1/4 

TCTFP  1.5  mg/kg 

1/4 

HCBD  1  mg/kg 

1/4 

Individual  compounds  at  LONEL 

TETRA  2400  mg/kg 

1 

TRI  2000  mg  /kg 

1 

TCTFP  6  mg/kg 

1 

HCBD  4  mg/kg 

1 

Combination  of  all  4  compounds 

At  NONEL 

1 

At  LONEL/2 

2 

Combinations  of  3  compounds 

TETRA  +  TRI  +  TCTFP  at  LONEL/3 

1 

TETRA  +  TRI  +  HCBD  at  LONEL/3 

1 

TETRA  +  TCTFP  +  HCBD  at  LONEL/3 

1 

TRI  +  TCTFP  +  HCBD  at  LONEL/3 

1 

a  =  LONEL/4. 

TETRA,  tetrachloroethylene;  TRI,  trichloroethylene;  TCTFP,  l,l,2-trichloro-3,3,3-trifluoropropene;  HCBD,  hexachloro-1,3- 


butadiene. 


points  used  to  assess  renal  toxicity  (namely, 
histopathology,  concentrating  ability,  urinary 
excretion  of  glucose,  protein  and  marker  en¬ 
zymes,  and  plasma  creatinine  and  urea)  were 
not  or  only  scarcely  affected  upon  combined 
exposure  at  the  NONEL  or  LONEL/3.  Inter¬ 
pretation  hereof  is  complicated  because  these 
endpoints,  unlike  kidney  weight,  were  not  af¬ 
fected  at  the  LONEL  of  each  of  the  individual 
compounds.  Co-administration  at  the  LONEL/ 
2  resulted  in  clear  nephrotoxicity  as  indicated 
by  the  effects  on  most  of  the  above  endpoints. 
It  is  concluded  that  the  renal  toxicity,  as  as¬ 
sessed  by  the  effect  on  kidney  weight,  of  a 
mixture  of  similarly  acting  nephrotoxicants,  at 
levels  slightly  below  the  LONEL  of  the  indi¬ 
vidual  compounds,  corresponded  to  the  effect 
expected  on  the  basis  of  the  additivity  assump¬ 
tion  [7].  It  is  self-evident  that  for  this  example 
the  ‘dose  addition’  model  (simple  similar  ac¬ 
tion  or  similar  joint  action)  represents  the 
basic  concept  to  be  used  for  risk  assessment. 
This  model  appeared  to  be  applicable  to 
NOAELs  (the  highest  level  of  each  chemical 


at  which  no  adverse  effect  was  observed),  and 
in  all  likelihood  will  also  be  applicable  to  low 
non-toxic-effect  levels. 

5.2.  Sensory  irritants 

Sensory  irritation  of  formaldehyde,  acrolein 
and  acetaldehyde  as  measured  by  decrease  in 
breathing  frequency  (DBF)  was  studied  in  male 
Wistar  rats  using  nose-only  exposure  [10].  After 
an  acclimatization  period  of  10  min,  groups  of  4 
rats  were  exposed  to  each  of  the  chemicals 
separately  or  to  mixtures  of  formaldehyde,  ac¬ 
rolein  and  acetaldehyde  for  30  min  followed  by 
a  10-min  recovery  period.  The  respiratory  rate 
of  each  rat  was  measured  during  the  entire  test 
period  with  1-  or  3-min  intervals.  The  studies 
with  mixtures  were  conducted  at  exposure  con¬ 
centrations  expected  to  result  in  a  DBF  between 
10  and  35%  for  each  of  the  individual  alde¬ 
hydes.  For  the  mixtures  the  predicted  values 
were  compared  with  the  observed  values  using 
both  the  model  for  effect  addition  and  the 
mechanistic  model  for  competitive  agonism  [11]. 
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The  latter  model  is  based  on  the  assumption 
that  the  aldehydes  show  competitive  interactions 
for  a  common  binding  site,  i.e.  the  trigeminal 
nerve  receptor.  As  expected  each  of  the  3  alde¬ 
hydes  appeared  to  act  as  sensory  irritants  as 
defined  by  Alarie  [12],  With  formaldehyde  and 
acrolein  desensitization  (fast  fading  of  the  DBF) 
occurred  whereas  with  acetaldehyde  the  breath¬ 
ing  frequency  gradually  decreased  with  increas¬ 
ing  exposure  time  (up  to  30  min).  This  latter 
effect  might  have  been  caused  by  either  pul¬ 
monary  irritation  or  the  anaesthetic  effect  of 
acetaldehyde.  For  the  mixtures,  the  observed 
DBFs  were  larger  than  the  expected  DBFs  for 
each  of  the  individual  chemicals,  but  were  less 
than  the  sum  of  these  latter  DBFs.  This  less 
than  purely  additive  effect  could  be  described 
by  a  mechanistic  model  for  competitive  agon- 
ism.  The  results  also  showed  absence  of  de¬ 
sensitization  with  mixtures;  in  fact,  a  second, 
more  gradual  DBF  was  observed  in  most  of  the 


rats  exposed  to  mixtures  which  might  have  been 
caused  by  pulmonary  irritation  (induced  by  ace¬ 
taldehyde). 

The  results  of  this  study  allow  the  conclusions 
that  (1)  sensory  irritation  in  rats  exposed  to 
mixtures  of  irritant  aldehydes  is  more  severe 
than  that  caused  by  each  of  the  aldehydes  separ¬ 
ately,  and  (2)  the  DBF  caused  by  mixtures  of 
these  aldehydes  can  be  predicted  by  a  mechanis¬ 
tic  model  for  competitive  agonism  between  the  3 
chemicals  [10]. 


6.  The  use  of  fractional  2-factorial  designs 

The  4-week  toxicity  study  with  a  mixture  of  9 
chemicals  with  different  target  organs  and/or 
different  modes  of  action  comprised  3  main  test 
groups  (plus  1  control  group)  as  shown  in  Table 
2,  as  well  as  16  satellite  groups  (Table  6)  [6].  In 
the  main  groups  we  investigated  the  net  com- 


Table  6 

Test  groups  and  exposure  levels  of  a  4-week  toxicity  study  with  combinations  of  9  compounds  in  male  rats  [6] 


Formaldehyde 

(F) 

Dichloromethane 

(M) 

Aspirin 

(A) 

CdCL 

(Cdf 

SnCl, 

(Sn) 

Loperamide 

(L) 

Spermine 

(Sp) 

BHA 

(B) 

DEHP 

(D) 

Main  groups 

Control 

- 

_ 

_ 

.. 

NOAEL/3 

+;i 

+ 

4 

+ 

4 

_ 

4 

_L 

NOAEL 

+ 

+ 

4 

+ 

+ 

+ 

4 

LOAEL 

+ 

4 

4 

+ 

4 

-1- 

Satellite  groupsb 

F 

+ 

- 

- 

- 

_ 

_ 

_ 

Sn/M/L/A 

- 

4 

4 

_ 

+ 

+ 

_ 

Cd/M/Sp/A 

- 

+ 

4 

4 

_ 

_ 

Sn/Cd/Sp/L/F 

_L 

- 

- 

+ 

4 

4 

4 

B/M/Sp/L 

- 

+ 

- 

- 

- 

4 

4 

Sn/B/Sp/A/F 

4 

- 

+ 

- 

-L 

_ 

+ 

Cd/B/L/A/F 

-L 

- 

4 

-L 

_ 

4 

4 

Sn/Cd/B/M 

- 

+ 

- 

+ 

-L 

_ 

4 

D/Sp/L/A 

- 

- 

+ 

- 

_ 

+ 

_ 

4 

Sn/D/M/Sp/F 

+ 

+ 

- 

_ 

4 

_ 

4 

4 

Cd/D/M/L/F 

+ 

T 

_ 

_ 

+ 

Sn/Cd/D/A 

- 

- 

+ 

+ 

4 

4 

B/D/M/A/F 

4 

4 

4. 

_ 

_ 

Sn/B/D/L 

- 

- 

- 

- 

4 

4 

_ 

4 

4 

Cd/B/D/Sp 

- 

- 

. 

4. 

_ 

_ 

4 

4 

All  LOAELc 

+ 

+ 

+ 

4 

+ 

+ 

4 

Dose  levels  of  LOAEL  and  NOAEL  are  given  in  Table  2.  Main  groups  and  satellite  groups  comprised  8  and  5  animals 
respectively. 

d  is  absent;  +,  is  present. 
b  All  chemicals  were  administered  at  the  LOAEL. 

“•Data  of  5  animals  of  the  main  study  were  used  for  the  establishement  of  the  16th  group  of  the  satellite  study. 
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bined  effects  of  all  compounds.  In  the  satellite 
groups  the  rats  were  simultaneously  exposed  to 
various  combinations  of  several  of  the  9  com¬ 
pounds.  The  combinations  used  comprised  a 
fractional  2-level  factorial  design  with  9  factors 
(9  chemicals)  in  16  experimental  groups.  In  this 
case  we  used  a  1/32  fraction  of  a  ‘complete’ 
study  with  2 9  =  512  possible  combinations.  The 
combinations  were  chosen  such  that  the  results 
would  allow  for  an  optimal  analysis  of  effects  of 
the  individual  chemicals,  indicating  different 
types  of  joint  action  or  interaction  between  the 
chemicals.  In  contrast  to  the  large  number  of 
adverse  effects  observed  with  the  combination  at 
the  LOAEL,  only  very  few  adverse  effects  were 
encountered  in  the  NOAEL-group  such  as  hy¬ 
perplasia  of  the  nasal  respiratory  epithelium, 
hepatocellular  hypertrophy,  decreased  blood  tri¬ 
glyceride  concentrations,  decreased  alkaline 
phosphatase  activities  and  increased  (relative) 
kidney  weights.  A  detailed  analysis  of  the  extent 
of  the  interactive  effects  between  the  individual 
compounds  was  possible  due  to  the  application 
of  the  fractionated  design  as  used  in  the  satellite 
part  of  the  study.  For  most  of  the  endpoints,  the 
factorial  analysis  indeed  revealed  the  main  ef¬ 
fects  of  the  individual  compounds  and  also  inter¬ 
actions  (cases  of  non-additivity)  between  the 
chemicals  chosen.  Despite  restrictions  and  pit- 
falls  that  are  associated  with  the  use  of  fraction¬ 
ated  factorial  designs,  the  present  study  showed 
the  usefulness  of  these  designs  to  study  the  joint 
adverse  effects  of  defined  chemical  mixtures. 
Because  of  the  huge  number  of  endpoints 
studied  (about  80  parameters  were  used)  that 
were  not  affected  at  the  NOAEL  of  the  mixture, 
it  was  concluded  that  simultaneous  exposure  to 
these  9  chemicals  did  not  constitute  an  evidently 
increased  hazard  compared  to  exposure  to  each 
of  the  chemicals  separately,  provided  the  expo¬ 
sure  level  of  each  chemical  in  the  mixture  is  at 
most  similar  to  or  lower  than  its  own  NOAEL 
[6], 

7.  Concluding  remarks 

To  successfully  study  and  to  understand  the 
toxicology  of  chemical  mixtures  it  is  essential  to 


be  familiar  with  the  basic  concepts  of  combined 
actions  and  interactions  of  chemicals  in  a  mix¬ 
ture.  It  is  also  crucial  to  understand  the  princi¬ 
ples  of  statistical  designs  that  allow  identification 
of  combined  actions  or  interactions  of  chemicals, 
using  a  manageable  number  of  test  groups  [6]. 

A  number  of  studies  reviewed  in  this  paper 
demonstrate  that  exposure  to  mixtures  of  chemi¬ 
cals  with  different  modes  of  action  (simple  dis¬ 
similar  action)  does  not  constitute  an  evidently 
increased  hazard  compared  to  that  of  exposure 
to  the  individual  chemicals,  provided  the  expo¬ 
sure  level  of  the  chemicals  in  the  mixture  is  at 
most  equal  to  or  slightly  lower  than  their  own 
NOAEL.  The  health  risk  of  such  mixtures  is 
entirely  determined  by  the  health  risk  associated 
with  the  ‘most  risky  chemical’  in  the  mixture, 
provided  the  risk  quotients  of  the  other  chemi¬ 
cals  in  the  mixture  are  at  most  equal  to  unity  [7]. 
This  also  means  that  exposure  to  such  mixtures  is 
of  no  health  concern  when  all  chemicals  in  the 
mixtures  occur  at  (low)  non-toxic-effect  levels. 

The  studies  with  mixtures  of  chlorinated  ne- 
phrotoxicants  with  similar  mode  of  action  dem¬ 
onstrated  the  applicability  of  the  dose  addition 
concept  to  these  types  of  mixture  for  assessing 
their  possible  health  risk.  Hopefully,  this  kind  of 
evidence  prevents  the  use  of  this  concept  in  risk 
assessment  of  chemical  mixtures  for  which  the 
additivity  assumption  is  invalid,  because  misuse 
can  easily  lead  to  overestimation  (in  case  of 
chemicals  with  dissimilar  action)  or  underestima¬ 
tion  (in  case  of  potentiating  interaction)  of  the 
health  risk  associated  with  such  mixtures  [7]. 

The  results  of  the  inhalation  studies  in  rats 
with  mixtures  of  formaldehyde,  acetaldehyde  and 
acrolein  showed  that  the  type  of  combined  or 
interactive  effects  of  the  mixtures  on  the  nasal 
mucosa  found  at  clearly-cytotoxic-effect  levels 
did  not  predict  very  well  the  kind  of  combined 
action  occurring  with  combinations  of  the  alde¬ 
hydes  at  NOAELs  of  the  individual  chemicals. 
Precisely,  these  and  lower  exposure  levels  are 
where  the  interest  of  the  risk  assessor  lies,  and 
where,  remarkably  enough,  toxicological  data  are 
often  lacking.  In  combination  toxicology  much 
effort  is  put  into  elucidating  mechanisms  of 
( interaction  at  relatively  high  toxic-effect  levels, 
whereas  the  transitional  area  between  toxic  and 
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non-toxic  levels  is  virtually  unexplored.  The 
toxicology  of  mixtures  should  focus  on  this 
‘twilight  zone’. 

Sensory  irritation  of  mixtures  of  formaldehyde, 
acrolein  and  acetaldehyde  as  measured  by  DBF 
in  rats  appeared  to  be  more  marked  than  the 
sensory  irritation  expected  for  each  of  the  in¬ 
dividual  aldehydes  but  much  less  marked  than 
the  sum  of  the  irritant  activities  of  the  individual 
chemicals.  The  irritant  potencies  of  the  mixtures 
could  be  accurately  described  by  a  mechanistic 
model  for  competitive  agonism  [10,11]. 
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Abstract 

Carcinogenic  effects  of  pesticide  mixtures  were  examined  with  our  medium-term  carcinogenesis  protocols  using 
male  F344  rats.  In  the  8-week  liver  model,  combined  dietary  administration  of  20  pesticides  (19  organophosphorus 
compounds  and  1  organochlorine),  each  at  acceptable  daily  intake  (ADI)  levels,  did  not  enhance  rat  liver 
preneoplastic  lesion  development  initiated  by  diethylnitrosamine.  In  contrast,  a  mixture  of  100  times  ADI 
significantly  increased  the  number  and  area  of  liver  lesions.  In  the  second  experiment  using  a  multi-organ 
carcinogenicity  protocol  of  28  weeks,  mixtures  of  40  pesticides  (high  volume  compounds)  and  20  pesticides 
(suspected  carcinogens)  added  to  the  diet  at  their  respective  ADI  levels  did  not  enhance  carcinogenesis  in  any 
organ  initiated  by  5  different  known  carcinogens  in  combination.  These  results  provide  support  for  the  safety  factor 
(usually  100)  approach  presently  used  for  the  quantitative  hazard  evaluation  of  pesticides. 

Keywords :  Pesticide;  Chemical  mixture;  Acceptable  daily  intake  (ADI);  Carcinogenesis;  Medium-term  bioassay; 
Rat 


1.  Introduction 

As  possible  environmental  toxic  or  car¬ 
cinogenic  agents,  agrochemicals  deserve  particu¬ 
lar  attention  [1,2].  Not  only  workers  in  the 
industry  and  agricultural  fields  but  also  the 
general  population  are  potentially  at  risk  of 
exposure  to  such  chemicals  in  foods.  Although 
the  assessment  of  human  cancer  risk  associated 
with  specified  chemical  exposure  is  a  complicated 
scientific  endeavor,  the  WHO  Expert  Groups  on 
Pesticide  Residues  and  the  Food  and  Agriculture 


*  Corresponding  author. 


Organization  of  the  United  Nations  (FAO), 
which  regularly  hold  joint  meetings  on  Pesticide 
Residues,  have  set  an  acceptable  daily  intake 
(ADI)  for  each  pesticide  as  one  approach  to 
quantitative  hazard  evaluation  [3].  The  ADI 
levels  evaluated  by  the  FAO /WHO  have  been 
quoted  and  used  as  a  basis  for  further  evaluation 
by  many  governments  in  the  world  including 
Japan  where  the  values  have  been  slightly  modi¬ 
fied  taking  into  account  additional  data. 

We  have  conducted  extensive  study  of  the 
carcinogenic  activity  of  pesticides  over  the  last 
several  years  using  our  medium-term  bioassay 
systems  [4-8].  In  order  to  confirm  the  efficacy  of 


0378-4274/95/ $09.50  ©  1995  Elsevier  Science  Ireland  Ltd.  All  rights  reserved 
SSDI  0378-4274(95)03581-5 


514 


N.  Ito  et  al.  /  Toxicology  Letters  82183  (1995)  513-520 


this  approach  we  have  used  ADI  values.  Since 
additive  or  synergistic  effects  of  complex  mix¬ 
tures  have  become  increasingly  important  for 
risk  estimation  in  human  toxicity  [9-11],  we 
tested  the  possible  carcinogenic  influence  of 
mixtures  of  20  or  40  pesticides  given  in  the  diet 
using  the  2  types  of  our  medium-term  bioassays 
for  rapid  detection  of  carcinogens  [12].  At  the 
present  time,  all  pesticides  examined  are  ap¬ 
proved  for  use  in  Japan. 


2.  Materials  and  methods 

Male  F344  rats,  6  weeks  old,  were  maintained 
on  powdered  rat  chow  with  or  without  pesticide 
supplementation.  The  ADI  values  used  were 
proposed  by  the  Ministry  of  Health  and  Welfare, 
Japan,  with  reference  to  the  FAO/WHO  reports 
[3],  Concentrations  of  pesticides  in  the  diet 
(weight  of  chemical /total  diet  weight  X  106  or 


ppm)  were  calculated  based  on  our  previous  food 
intake  and  body  weight  data  [13].  Food  and 
water  were  available  ad  libitum. 

2.1.  Experiment  1 

The  pesticides  investigated  are  listed  in  Table 
1  along  with  the  ADI  levels,  results  of  the  Ames 
test,  and  carcinogenicity  test  results  in  the  litera¬ 
ture.  Except  for  endosulfan,  all  pesticides  ex¬ 
amined  are  organophosphorus  compounds.  Car¬ 
cinogenicity  has  been  reported  for  dichlorvos  in 
pancreas  (adenoma)  and  hematopoietic  system  of 
rat  and  forestomach  of  mouse  and  for  methidath- 
ion  in  the  liver  of  mouse.  Although  liver  car¬ 
cinogenicity  is  suspectable,  malathion  has  been 
reported  not  to  be  carcinogenic  [see  Ref.  13]. 
Protocol  of  the  medium-term  liver  bioassay  is 
shown  in  Fig.  1.  The  animals  were  initially  given 
a  single  i.p.  injection  of  diethylnitrosamine 
(DEN)  at  a  dose  of  200  mg  /kg  to  initiate 


Table  1 

Organophosphorus  pesticides  used  in  the  medium-term  liver  bioassay  (Exp.  1) 


Chemical 

ADI 

(mg /kg /day) 

Concentration 
in  the  diet  (ppm) 

Mutagenicity  Carcinogenicity  and 
(Ames  test)  target  organ  (species) 

Pesticides  (16) 

Acephate 

0.03 

0.3 

+ 

Liver  (mouse) 

Chlorpyrifos 

0.01 

0.1 

+ 

Chlorfenvinphos 

0.0015 

0.015 

+ 

7 

Dichlorvos 

0.0033 

0.033 

+ 

Pancreas  (rat),  forestomach  (mouse) 

Dimethoate 

Endosulfan3 

0.01 

0.006 

0.1 

0.06 

+ 

+ 

Digestive,  lung,  mammary  gland,  ovary  (rat  and  mouse) 

Etrimfos 

0.003 

0.03 

7 

7 

Fenitrothion 

0.005 

0.05 

+ 

Isoxathion 

0.003 

0.03 

_ 

7 

Malathion 

0.02 

0.2 

Methidathion 

0.001 

0.01 

? 

Liver  (mouse) 

Pirimiphos-methyl 

0.01 

0.1 

? 

7 

Prothiophos 

0.0015 

0.015 

_ 

7 

Pyraclofos 

0.001 

0.01 

? 

? 

Trichlorfon 

0.01 

0.1 

+ 

Vamidothion 

0.008 

0.08 

+ 

7 

Fungicides  (3) 

Edifenphos 

0.0025 

0.025 

_ 

7 

Iprobenfos 

0.003 

0.03 

_ 

7 

Tolclofos-methyl 

0.064 

0.64 

7 

? 

Herbicides  (1) 

Butamifos 

0.0016 

0.016 

? 

? 

Endosulfan  is  an  organochlorine  compound. 
?:  not  reported  as  far  as  we  know. 
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0  2  3  8  Wks 


Animals :  F344  male  rats,  6-week-old 

*  :  DEN  (Diethylnitrosamine),  200mg/kg,  i.p. 

O  :  Saline,  i.p. 

▼  :  Two-thirds  partial  hepatectomy 
^  :  ADI  mixture  or  100XADI  mixture  of 

20  organophosphorus  pesticides  in  diet 
□ :  Basal  diet 

Fig.  1.  Experimental  protocol  of  the  medium-term  liver 
bioassay. 

hepatocarcinogenesis.  After  a  2-week  recovery 
period,  the  rats  received  the  pesticides  either  at 
ADI  (ADI  mixture)  (group  1)  or  100  times 
higher  doses  (100  X  ADI  mixture)  (group  2),  or 
were  maintained  on  the  basal  diet  throughout  the 
experiment  (group  3).  Groups  4  and  5  were 


injected  with  saline  and  then  fed  on  the  ADI 
mixture  diet  and  the  100  X  ADI  mixture  diet, 
respectively.  All  animals  were  subjected  to  two- 
thirds  partial  hepatectomy  at  week  3  and  sac¬ 
rificed  at  week  8.  Liver  slices  were  fixed  in  ice- 
cold  acetone,  embedded  in  paraffin  and  then 
immunohistochemically  stained  for  glutathione 
5-transferase  placental  form  (GST-P)  as  previ¬ 
ously  reported  [4,5,7].  Numbers  and  areas  of 
GST-P  positive  hepatic  cell  foci  larger  than  0.2 
mm  in  diameter  and  the  total  areas  of  liver 
sections  examined  were  measured  using  a  video 
image  processor. 

2.2.  Experiment  2 

Pesticides  selected  for  the  mixtures  were  20 
chemicals  for  which  carcinogenicity  has  been 
reported  or  suspected  (Table  2)  and  40  chemicals 
of  high  volume  production  (Table  3).  Tumor¬ 
modifying  effects  of  pesticide  mixtures  were 


Table  2 

Information  summary  for  the  20  pesticides  for  which  carcinogenicity  has  been  reported  or  suspected  (Exp.  2) 


Pesticides 

ADI 

(mg /kg /day) 

Mutagenicity 
(Ames  test) 

Carcinogenicity  and 
target  organs  (species) 

Insecticides  (9) 

Acephate 

0.03 

+ 

Liver  (mouse) 

Dichlorvos 

0.0033 

+ 

Pancreas,  leukemia  (rat),  stomach  (mouse) 

Dicofol 

0.025 

- 

Liver  (mouse) 

Cypermethrin 

0.05 

? 

Lung  (mouse) 

Permethrin 

0.048 

? 

Liver,  lung  (mouse) 

Phosmet 

0.02 

+ 

Liver  (mouse) 

Amitraz 

0.0012 

7 

Suspected 

Clofentezine 

0.0086 

7 

Suspected 

Propoxur 

0.063 

7 

Suspected 

Herbicides  (5) 

2,4-D 

0.3 

-/  + 

Brain  (rat) 

Glyphosate 

0.15 

- 

Kidney  (mouse) 

Trifluralin 

0.0075 

- 

Multiple  organs  (rat,  mouse) 

Mefolachlor 

0.097 

? 

Positive  (rat) 

Dichlobenil 

0.004 

7 

Suspected 

Fungicides  (6) 

Captafol 

0.05 

-/  + 

Multiple  organs  (rat,  mouse) 

Propiconazole 

0.018 

7 

Liver  (mouse) 

Fosetyl 

0.88 

7 

Urinary  bladder  (rat) 

Triadimefon 

0.012 

7 

Suspected 

Mancozeb 

0.05 

? 

Suspected 

Maneb 

0.005 

7 

Suspected 

?:  not  reported  as  far  as  we  know. 


N.  ho  et  al.  I  Toxicology  Letters  82! S3  (1995)  5 1 3-520 


t"~  ON  m  CN  O 

IT,  o  Nt  O  Nt  --  M  -Tj- 

—  0  —  0000  —  o 


00  in  CM  m  ir>  —< 

-  c  ^  n  o  (N 
o  o  o  o  o  — < 
d  o  d  o  o  o 


Ms  a 


I  fit  111  I  b§  I 

.y  £  s  *  a  S  a  t>  b -a  s 

■f>  S  £  o  ^  d  .£  o  £  £ 

losSSfcSoSfflS 


g  C  C  £  O  3 

«  ^  O  "5  «  §  go 

In>Ii!CSUiS 


3  3  3  60 

o  c  o  C 


00  oc 

m  (n)  it,  Tt  o  m 

o  o  o  o  o  o 

d>  d>  cd  d>  d  d> 


o  o  o  o  o 
d  d  d  d  d 


M  r,  n  -  (N 

o  o  ©  o  o 

d  d  d  d  d 


fO  2  T3 

o  F  !S 


^  <L>  o  ~ 

«  p  d 

3  £  £  y 

a  5  <u  c 

y  ^  a  F 

<  U  U  a! 


-2  X  J=  ^  S 

U  O  U  V  Q 


C  J3  b  o 

^  .&!'■§ 
3  £  w  a 


^  c6  3  — - 

37:  c  53  .« 
OQ  2  tu  U  f- 


N.  Jto  et  al.  I  Toxicology  Letters  82183  (1995)  513-520 


517 


28  Wks 
_l 


Group 


W777m  ;  DMBDD  treatment  (DEN,  MNU,  DMH,  BBN,  DHPN) 

[WvM  :  Test  chemicals  in  diet 

a.  A  mixture  at  ADI  doses  of  40  pesticides  of  high  volume  production 

b.  A  mixture  at  ADI  doses  of  20  pesticides,  suspected  of  carcinogenicity. 

c.  Captafol  (1500  ppm)  as  a  positive  control 
i  i  :  Basal  diet 

Fig.  2.  Experimental  protocol  of  the  DMBDD  model.  Initia¬ 
tion  treatment  is  a  single  i.p.  injection  of  DEN  at  a  dose  of 
100  mg/ kg  body  weight  at  the  start  of  the  experiment,  4  i.p. 
injections  of  /V-methyl-N-nitrosourea  (MNU)  at  a  dose  of  20 
mg /kg  body  weight  on  days  2,  5,  8,  and  11,  and  4  s.c. 
injections  of  1,2-dimethylhydrazine  (DMH)  at  a  dose  of 
40  mg  /kg  body  weight  on  days  14,  17,  20,  and  23.  The  rats 
were  additionally  administered  /V-butyl-A/-4-(  hydroxy- 
butyl  )nitrosamine  (BBN),  500  ppm  in  the  drinking  water 
during  weeks  1  and  2,  and  2,2'-dihydroxy-di-n-propyl- 
nitrosamine  (DHPN),  1000  ppm  in  the  drinking  water  during 
weeks  3  and  4.  Pesticides  were  administered  for  24  weeks. 


investigated  using  the  medium-term  multi-organ 
bioassay  (DMBDD  model)  [12,14].  As  initiation, 
5  known  potent  carcinogens  were  given  in  combi¬ 
nation  within  the  first  4  weeks  as  shown  in  Fig.  2. 
After  this  DMBDD  treatment,  groups  of  rats 
received  one  of  the  pesticide  mixtures,  captafol 
(1500  ppm  in  the  diet)  as  a  positive  control  [15], 
or  the  basal  diet.  Non-initiation  controls  were  i.p. 
injected  with  saline  and  s.c.  with  corn  oil  and 
then  given  pesticide(s).  At  week  28  of  the  experi¬ 
ment,  all  surviving  animals  were  killed  and  com¬ 
pletely  autopsied.  Livers  were  analyzed  as  in 
Experiment  1.  The  small  and  large  intestines, 
lungs,  urinary  bladders  were  inflated  with  10% 
phosphate-buffered  formalin,  and  other  main 
organs  and  any  macroscopic  lesions  were  re¬ 
moved  and  fixed  in  formalin.  The  routinely 
prepared  hematoxylin  and  eosin  sections  were 
examined  for  neoplastic  and  preneoplastic  le¬ 
sions. 

2.3.  Statistical  analysis 

Statistical  analysis  of  differences  between 
means  was  carried  out  using  the  Student’s  t-test 


or  the  Welchs  f-test  after  application  of  the 
preliminary  F-test  for  equal  variance  for  each 
pair.  For  proportion  data,  the  Fisher  exact  prob¬ 
ability  test  was  used. 


3.  Results 

3.1.  Experiment  1 

No  pesticide  treatment-associated  deaths 
occurred.  Based  on  the  data  of  food  consumption 
values  and  average  body  weights,  actual  chemical 
intakes  were  found  to  be  slightly  lower  than  the 
estimated  intakes.  Body  weights  of  rats  initiated 
with  DEN  were  similar  in  the  3  groups  irre¬ 
spective  of  the  following  pesticide  treatment,  and 
6.3-71%  lower  than  those  of  the  non-initiated 
groups.  Liver  weights  were  also  not  influenced  by 
the  pesticide  administration. 

Data  on  the  numbers  and  areas  of  GST-P 
positive  foci  per  unit  area  of  liver  section  with 
and  without  DEN-initiation  are  illustrated  in  Fig. 
3.  The  number  of  GST-P  positive  foci  in  group  1 
was  3.36  ±  1.29/cm2  and  the  area  of  foci  was 
0.29  ±  0.15  mm2 /cm2.  The  levels  were  essentially 
the  same  as  those  in  the  control  group  (3.50  ± 
1.29/cm2  and  0.28  ±0.13  mm2/cm2).  However, 
the  values  obtained  in  the  100  X  ADI  mixture 
group  (4.51  ±  1.64/cm2  and  0.44  ±0.20  mm2/ 
cm2)  were  both  significantly  higher  than  the 
control  values.  Without  the  DEN  initiation,  nei¬ 
ther  of  the  treatment  schedules  induced  GST-P 
positive  liver  cell  foci  larger  than  0.2  mm  in 
diameter. 


Fig.  3.  Numbers  and  areas  of  GST-P  positive  liver  cell  foci  in 
Experiment  1.  No  foci  larger  than  0.2  mm  in  diameter  were 
observed  in  non-initiated  groups.  **,*Significantly  different 
from  basal  diet  group  at  P<0.01,  F<0.05,  respectively. 
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Fig.  4.  Numbers  and  areas  of  GST-P  positive  liver  cell  foci  in 
Experiment  2.  No  foci  larger  than  0.2  mm  in  diameter  were 
observed  in  non-initiated  groups.  ^^Significantly  different 
from  basal  diet  group  at  P  <  0.01 . 


3.2.  Experiment  2 

Only  1  rat  of  group  1-c  died  before  the 
termination  of  the  experiment.  Final  body  weight 
was  significantly  decreased  in  group  1-c  (cap¬ 
tafol)  and  rather  increased  in  group  1-a  (20 
pesticide  mixture)  compared  to  group  2.  Relative 
liver  and  kidney  weights  were  increased  in  the 
captafol  group,  but  were  not  affected  by  treat¬ 
ment  with  the  pesticide  mixtures.  Thus,  no  toxic 
effects  were  observed  for  pesticide  mixtures  in 
terms  of  survival  rates  and  weight  data.  In  the 
liver,  GST-P  positive  foci  development  was  in¬ 
creased  by  captafol  but  was  not  modulated  by 
the  mixtures  (Fig.  4),  however  hyperplastic  liver 
nodules  were  observed  on  hematoxylin  and  eosin 
stained  sections  (Table  4).  In  the  other  organs, 
captafol  showed  promotion  effects  in  the  thyroid, 
whereas  the  pesticide  mixtures  did  not  influence 
the  neoplastic  development  in  any  organ  (Table 
4).  No  neoplastic  and  preneoplastic  lesions  were 
observed  in  non-initiated  groups. 


4.  Discussion 

In  the  liver  model,  the  ADI  mixture  of  organo- 
phosphorus  pesticides  exerted  no  effects  on  liver 
preneoplastic  foci  development  initiated  by 
DEN,  although  the  100  times  higher  dose  mix¬ 
ture  demonstrated  lesion-promoting  potential 
[13].  In  the  multi-organ  model,  the  ADI  mixtures 
of  20  or  40  pesticides  demonstrated  no  tumor 
promoting  potential  in  any  organ  or  tissue.  Cap¬ 
tafol,  on  the  other  hand,  exerted  apparent  tumor 


promoting  effects  in  the  liver  and  thyroid,  al¬ 
though  the  dose  level  was  not  comparable  to  the 
mixtures.  The  protocols  used  for  the  present 
analysis  is  based  on  the  2-stage  carcinogenesis 
hypothesis  and  has  been  developed  in  our  lab¬ 
oratory  over  the  last  15  years  [12].  Quantitative 
analysis  of  GST-P  positive  foci  larger  than  0.2 
mm  in  diameter,  expressed  in  terms  of  number 
and  area  per  unit  area  of  liver  section,  has  also 
been  established.  The  multi-organ  method  has 
been  developed  to  supplement  the  liver  model 
and  also  demonstrated  to  be  a  useful  method  for 
rapid  detection  of  carcinogens  in  a  whole  body 
level  [12,14]. 

With  a  safety  factor  approach,  acceptable 
exposure  levels  such  as  ADI  are  usually  de¬ 
termined  by  dividing  the  no-observed-effect  level 
(NOEL)  from  laboratory-based  chronic  toxicity 
tests  by  an  appropriately  chosen  safety  factor.  In 
theory  the  safety  factor  reflects  both  the  possi¬ 
bility  of  an  increased  sensitivity  of  humans  rela¬ 
tive  to  laboratory  animals  and  the  variation  in 
susceptibility  within  the  human  population.  The 
safety  factor  used  for  ADI  by  the  Japanese 
Ministry  of  Health  and  Welfare  and  the  FAO/ 
WHO  is  usually  100,  but  the  WHO  expert 
committees  have  used  figures  ranging  from  10  to 
2000  [16].  Although  there  are  a  number  of 
potential  problems  associated  with  the  safety 
factor  approach  including  the  fact  that  the  ob¬ 
servation  of  no  treatment-related  effects  may 
depend  on  the  number  of  animals  exposed  and 
dose  levels  used,  and  biological  justification  for 
general  use  may  be  lacking  [17],  the  present 
experimental  results  indicate  that  this  procedure 
is  indeed  appropriate  and  acceptable  for  risk 
evaluation  at  present.  Furthermore,  the  chance 
of  exposure  to  so  many  pesticides  (20  or  40 
chemicals)  in  concert  might  be  in  practice  very 
low  [18]. 

The  observed  combination  effects  at  100  times 
higher  doses  in  Experiment  1,  however,  suggest 
that  several  of  the  included  pesticides  are  pos¬ 
sibly  carcinogenic  in  the  liver.  In  fact,  liver 
carcinogenicity  has  been  reported  for  methidath- 
ion  and  malathion  previously  exerted  enhancing 
effects  in  this  system  when  given  at  a  dose  of 
4000  ppm  in  the  diet  [7].  Even  the  mixture  at 


Table  4 

Incidence  of  tumors  (Exp.  2) 
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Organ  and 
type  of  tumors 

Group 

40  pesticides 

20  pesticides 

Captafol 

Control 

No.  of  animals 

20 

20 

19 

20 

Thymus 

Thymic  lymphoma 

0 

0 

0 

1 

Thyroid 

Follicular  adenoma 

2 

6 

2 

C-cell  adenoma 

1 

1 

0 

0 

Follicular  carcinoma 

0 

0 

0 

1 

Nasal  cavity 

Papilloma 

1 

0 

0 

0 

Odontoma 

0 

1 

0 

0 

Adenocarcinoma 

0 

0 

0 

1 

Lung 

Adenoma 

4 

5 

3 

5 

Carcinoma 

1 

1 

0 

2 

Oral  cavity 

Odontoma 

0 

2 

0 

0 

Esophagus 

Squamous  cell  carcinoma 

0 

0 

1 

0 

Forestomach 

Squamous  cell  papilloma 

3 

8 

2 

4 

Squamous  cell  carcinoma 

0 

1 

1 

0 

Small  intestines 

Adenoma 

3 

1 

2 

2 

Adenocarcinoma 

0 

2 

2 

1 

Large  intestines 

Leiomyoma 

0 

1 

0 

0 

Adenocarcinoma 

2 

2 

6 

4 

Liver 

Hyperplastic  nodule 

1 

0 

1 

1 

Kidney 

Nephroblastoma 

2 

4 

7 

2 

Transitional  cell  carcinoma 

0 

1 

0 

0 

Urinary  bladder 

Transitional  cell  papilloma 

0 

1 

0 

1 

Prostate 

Leiomyosarcoma 

0 

1 

0 

0 

Sarcoma,  NOS 

1 

1 

0 

0 

Seminal  vesicle 

Adenoma 

0 

0 

0 

1 

Skin/subcutis 

Squamous  cell  papilloma 

0 

1 

0 

0 

Keratoacanthoma 

0 

0 

0 

1 

Lipoma 

0 

1 

0 

0 

Abdominal  cavity 

Mesothelioma 

0 

0 

1 

0 

Schwannoma 

0 

0 

0 

1 

Peripheral  nerve 

Schwannoma 

0 

0 

0 

2 

Malignant  schwannoma 

0 

1 

0 

0 

Significantly  different  from  control  group  at  P  <  0.05. 
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ADI  levels  of  20  pesticides,  for  which  car¬ 
cinogenicity  has  been  reported  or  suspected, 
exerted  no  tumor-modulating  potential  in  the 
DMBDD  model. 

Possibly  most  human  cancers  may  be  caused 
by  trace  environmental  factors.  Therefore  it  is  of 
increasing  importance  that  combined  effects  of 
chemicals  at  relatively  low  doses  be  examined.  It 
should  be  borne  in  mind,  however,  that  since  a 
clear  dose-response  relationship  exists  for  com¬ 
plex  mixtures  as  in  each  individual  case,  risk  will 
decrease  with  decreasing  dose  so  that  measures 
taken  to  reduce  chemical  concentrations  offer  an 
effective  approach  to  control.  In  conclusion,  the 
present  safety  factor  approach  is  appropriate  for 
risk  evaluation  of  environmental  chemicals. 
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Abstract 

Human  exposures  to  chemicals  in  the  environment  and  workplace  typically  involve  chemical  mixtures.  One  of  the 
key  risk  assessment  issues  for  mixtures  is  that  of  extrapolation  from  high  to  low  dose.  Observation  of  an  interaction 
among  chemicals  in  a  mixture  at  high  concentrations  in  animals  does  not  necessarily  mean  that  the  same  effect,  in 
type  or  magnitude,  will  be  significant  in  humans  exposed  to  lower  concentrations  of  the  mixture.  Physiologically 
based  toxicokinetic  (PBTK)  models  can  be  used  to  assist  in  the  extrapolation  from  high  to  low  dose.  Mechanisms 
observed  in  animals  such  as  competitive  inhibition  of  xenobiotic  metabolism  (e.g.,  butadiene  and  styrene  or 
benzene  and  toluene)  can  be  incorporated  into  PBTK  models.  The  models  can  then  be  used  to  predict  the 
magnitude  of  the  interactive  effects  at  high  and  low  exposure  concentrations.  The  most  relevant  predictions  can 
then  be  tested  using  selected  experiments.  A  research  strategy  involving  hypothesis  generation  through  quantitative 
modeling  and  testing  through  laboratory-based  experiments  may  be  the  most  effective  strategy  for  addressing  the 
complex  issue  of  human  health  risks  from  exposures  to  chemical  mixtures. 

Keywords:  Chemical  interactions;  Risk  assessment;  Humans;  Rats;  Mice;  Butadiene;  Benzene;  Styrene;  Physiologi¬ 
cal  models 


1.  Introduction 

One  of  the  critical  human  health  issues  of  the 
1990s  and  beyond  is  the  toxicological  interaction 
of  chemicals  from  environmental,  industrial,  and 
dietary  exposures.  Issues  of  particular  concern 
for  chemical  interactions  include  extrapolation 
from  in  vitro  to  in  vivo  situations,  high  to  low 
doses,  and  animals  to  humans.  In  the  case  of  in 
vitro  to  in  vivo  extrapolations,  the  dilemma  is 
that  many  chemical  interactions  can  be  tested 
rapidly  and  with  fewer  animals  by  the  use  of  in 
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vitro  systems.  However,  interactions  found  in 
vitro  may  not  be  relevant  to  in  vivo  situations. 
For  example,  chemicals  can  induce  xenobiotic 
metabolizing  enzymes  in  vitro,  but  an  increased 
amount  of  metabolism  will  not  always  be  ob¬ 
served  in  vivo.  Chemical  interactions  may  occur 
at  high  exposure  concentrations  where  xenobiot¬ 
ic  enzymes  are  saturated.  However,  these  rel¬ 
evant  mechanisms  may  not  be  significant  at  low 
exposure  concentrations,  where  the  xenobiotic 
metabolizing  enzymes  are  not  operating  at  their 
full  capacity.  And  finally,  as  in  all  toxicology 
studies,  we  are  faced  with  the  need  to  extrapo¬ 
late  chemical  interactions  documented  in  animal 
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studies  to  human  exposure.  Chemical  interac¬ 
tions  are  most  often  demonstrated  in  animal 
studies,  and  yet  questions  arise  as  to  whether 
specific  mechanisms  of  action  important  for  one 
laboratory  animal  are  relevant  to  or  operate  in 
humans. 

Physiologically  based  toxicokinetic  (PBTK) 
models  are  valuable  tools  in  assessing  potential 
effects  of  exposure  to  chemical  mixtures,  par¬ 
ticularly  in  the  experimental  design  and  hypoth¬ 
esis  testing  stage.  Through  the  use  of  PBTK 
models,  the  potential  for  interactions  among 
chemicals  can  be  explored.  Model  predictions  of 
the  results  of  such  interactions  can  then  form  the 
basis  for  hypotheses  that  can  be  tested  ex¬ 
perimentally.  One  advantage  in  using  tox¬ 
icokinetic  models  to  predict  the  effects  of  chemi¬ 
cal  interactions  is  that  many  modeling  experi¬ 
ments  can  be  conducted.  Model  results  can  then 
be  experimentally  verified  in  the  laboratory.  In 
the  end,  this  approach  is  much  more  efficient 
than  a  priori  testing  of  numerous  chemical  mix¬ 
tures,  many  of  which  may  prove  not  to  have  any 
interactive  effects. 

PBTK  models  allow  the  articulation  of  a 
biologically  accurate  toxicokinetic  description  of 
the  experimental  animal  model  (Fig.  1).  They 
incorporate  correct  flow  and  dose  relationships. 
For  example,  multiple  dose  routes  such  as  oral 
administration,  inhalation,  or  injection  can  be 
incorporated  into  these  models.  These  models 
also  incorporate  realistic  tissue  volumes,  flow 
relationships,  and  solubility  parameters  for  in- 


VENTILATION 


Fig.  1.  A  representative  PBTK  model. 


dividual  animal  species  and  individual  chemicals. 
Most  important,  the  models  incorporate  meta¬ 
bolic  pathways  with  measured  kinetic  parame¬ 
ters.  Since  one  of  the  more  important  chemical 
interactions  for  a  number  of  volatile  organic 
chemicals  is  the  alteration  of  metabolism,  expres¬ 
sion  of  metabolic  pathways  is  critical  for  correct¬ 
ly  predicting  the  possible  nature  of  the  interac¬ 
tive  effect. 

Examples  of  interactions  between  butadiene 
and  styrene  demonstrate  how  model  simulations 
lend  themselves  to  the  development  of  hypoth¬ 
eses  that  can  be  tested  experimentally.  Available 
experimental  data  in  laboratory  animals  and 
humans  on  benzene-toluene  interactions  suggest 
that  chemical  interactions  may  be  of  toxicological 
significance. 

2.  Butadiene  interactions 

Styrene-butadiene  mixtures  are  often  encoun¬ 
tered  in  the  workplace  where  both  of  these 
monomers  are  used  in  the  production  of  syn¬ 
thetic  rubber.  Unlike  butadiene,  styrene  is  highly 
soluble  in  tissues,  especially  lipid-rich  ones.  Oxi¬ 
dation  of  styrene  to  styrene  oxide  occurs  by 
cytochrome  P450  2E1  [1],  the  same  P450  isozyme 
responsible  for  oxidation  of  butadiene  to 
butadiene  monoepoxide  [2].  The  biochemical 
interaction  between  these  2  chemicals  was  de¬ 
scribed  in  a  physiological  model  by  competitive 
inhibition  of  each  chemical  on  the  metabolism  of 
the  other  [3].  The  model  used  to  describe  inter¬ 
action  of  styrene  exposures  on  butadiene  metab¬ 
olism  and  vice  versa  used  a  single  enzyme  path¬ 
way  for  both  chemicals  and  assumed  strictly 
competitive  inhibition.  Thus,  chemical  and  bio¬ 
chemical  parameters  for  styrene  and  butadiene 
were  known  and  incorporated  into  the  model. 
Simulation  of  simultaneous  exposure  to 
butadiene  and  styrene  predicted  that  the  total 
amount  of  butadiene  metabolized  would  be  re¬ 
duced  but  would  not  be  proportional  to  the 
styrene  exposure  concentration  (Fig.  2).  In  con¬ 
trast,  simulations  predicted  that  butadiene  was 
not  an  effective  inhibitor  of  styrene  metabolism 
due  to  the  low  solubility  of  butadiene  in  tissues 
(Fig.  2),  an  observation  supported  by  experimen- 
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Fig.  2.  Physiological  model  predictions  for  the  micromoles  of 
butadiene  (left)  or  micromoles  styrene  (right)  metabolized  by 
rats  exposed  to  various  combinations  of  butadiene  and 
styrene,  assuming  a  simple  competitive  inhibition.  Each  bar 
represents  model  predictions  of  the  amount  of  chemical 
metabolized  both  during  and  after  8-h  simulated  inhalation 
exposures  to  1  of  the  12  possible  combinations  of  butadiene 
and  styrene.  For  example,  the  effect  of  styrene  on  butadiene 
metabolism  is  simulated  in  the  left-hand  figure.  As  the 
inhaled  concentration  of  styrene  increases  from  0  to  1000 
ppm  (right  axis),  the  micromoles  of  butadiene  metabolized 
due  to  coexposure  to  1000  ppm  butadiene  (left  vertical  axis) 
decreases.  For  1000  ppm  butadiene,  the  largest  amount  of 
butadiene  metabolized  occurs  with  no  exposure  to  styrene  (0 
ppm  styrene).  The  least  butadiene  is  metabolized  when  1000 
ppm  styrene  is  present.  Taken  from  Bond  et  al.  [3]. 


tal  studies  [4].  The  amount  of  styrene  metabo¬ 
lized  was  only  marginally  affected  by  coexposure 
to  butadiene. 

In  a  study  by  Laib  et  al.  [4],  styrene  decreased 
the  rate  of  butadiene  metabolism  significantly  for 
Sprague-Dawley  rats  coexposed  to  styrene  and 
butadiene,  but  butadiene  had  no  effect  on  the 
metabolism  of  styrene.  Additionally,  these  re¬ 
searchers  determined  that  the  inhibition  constant 
for  styrene  was  much  lower  than  its  apparent 
Michaelis-Menten  constant,  suggesting  that  the 
interaction  between  butadiene  and  styrene  might 
be  more  complex  than  the  simple  competitive 
inhibition  description  used  in  the  model  simula¬ 
tions  shown  here  (Fig.  2). 

From  these  simulations,  one  general  point 
regarding  chemical  interactions  should  be  noted. 
In  extrapolations  from  high  to  low  doses  for  the 
saturable  enzyme  systems  that  biotransform  most 
toxic  organic  chemicals,  it  cannot  be  assumed 
that  inhibition  effects  demonstrated  at  high  expo¬ 
sure  concentrations  will  be  proportional  to  or 
even  significant  at  lower  exposure  concentra¬ 
tions. 


3.  Benzene  interactions 

Benzene,  an  important  industrial  solvent,  is 
also  present  in  unleaded  gasoline  and  cigarette 
smoke.  Several  investigators  have  demonstrated 
that  a  combination  of  benzene  metabolites  is 
necessary  to  duplicate  the  hematotoxic  effect  of 
benzene  [5,6].  The  dosimetry  of  benzene  and  its 
metabolites  in  the  target  tissue,  bone  marrow, 
depends  upon  the  balance  of  activation  processes 
such  as  enzymatic  oxidation  and  deactivation 
processes  such  as  conjugation  and  excretion. 
Enzymes  implicated  in  the  metabolic  activation 
of  benzene  and  its  metabolites  include  the  cyto¬ 
chrome  P450  monooxygenases  and  myeloperox¬ 
idase.  Other  organic  molecules  that  are  also 
substrates  for  cytochrome  P450  can  inhibit  the 
metabolism  of  benzene.  The  multiple  metabolic 
pathways  of  benzene  provide  opportunities  for 
modulation  of  benzene  metabolism  by  competi¬ 
tion  with  other  organic  chemicals  for  the  avail¬ 
able  enzyme  sites,  by  induction  or  inhibition  of 
the  oxidation  or  conjugating  enzymes,  or  by 
direct  competition  between  benzene  and  its  me¬ 
tabolites. 

Exposure  to  benzene  causes  genetic  damage  to 
bone  marrow  cells.  Analysis  of  micronuclei  in 
bone  marrow  cells  provides  information  about 
recent  bone  marrow  damage  [7].  Micronuclei 
occur  as  a  result  of  the  exclusion  of  chromo¬ 
somes  from  daughter  nuclei  during  cell  division. 
Gad  El  Karim  et  al.  [8]  investigated  the  genotox- 
icity  of  benzene  in  male  and  female  mice  treated 
with  2  oral  doses  of  benzene  or  combinations  of 
benzene  and  toluene.  Benzene  exposure  pro¬ 
duced  elevated  numbers  of  micronucleated  bone 
marrow  cells  of  both  male  and  female  mice 
compared  to  controls.  When  both  benzene  and 
toluene  were  coadministered,  the  number  of 
micronuclei  were  reduced. 

In  an  effort  to  correlate  benzene  toxicity  and 
metabolism,  other  investigators  administered 
radioactive  benzene  to  mice  with  or  without 
coexposure  to  toluene  by  s.c.  injection  [9].  Con¬ 
centrations  of  benzene  in  various  tissues  (fat, 
liver,  spleen,  blood,  or  bone  marrow)  from  mice 
given  only  benzene  were  very  similar  to  those  in 
which  benzene  was  combined  with  toluene  (Fig. 
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Hours  after  injection  Hours  after  injection 

Fig.  3.  Effect  of  coadministration  of  toluene  on  the  accumula¬ 
tion  of  [3H]benzene  (left)  or  [7H]benzene  metabolites  (right) 
in  bone  marrow  of  mice  given  s.c.  injections  of  benzene  (880 
mg/kg)  or  benzene  plus  toluene  (1720  mg/kg).  Data  taken 
from  Andrews  et  al.  [9]. 

3).  The  similar  benzene  concentrations  for  ben¬ 
zene  alone  and  benzene-toluene  groups  sug¬ 
gested  that  coadministration  of  toluene  did  not 
alter  the  disposition  of  benzene  itself.  In  contrast, 
the  concentration  of  benzene  metabolites  in 
tissues  of  mice  given  benzene  alone  were  much 
higher  than  those  found  when  benzene  was 
coadministered  with  toluene.  Coadministration 
of  toluene  did  not  delay  the  appearance  of 
benzene  metabolites  in  tissues  but  markedly 
reduced  the  concentration  of  metabolites  found 
in  each  tissue  for  all  time  periods. 

In  both  studies,  toluene  reduced  the  level  of 
benzene  metabolites  in  tissues  and  also  reduced 
benzene-induced  formation  of  micronuclei. 
Taken  together,  these  observations  suggest  that 
the  metabolism  of  benzene  is  closely  related  to 
its  genotoxicity.  Thus  toluene  may  protect 
against  benzene-induced  genotoxicity  by  reduc¬ 
ing  the  level  of  benzene  metabolites  in  the  bone 
marrow  through  suppression  of  benzene  metabo¬ 
lism. 

The  previous  studies  demonstrated  that 
coexposure  to  large  bolus  doses  of  benzene  and 
toluene  can  reduce  both  the  amount  of  benzene 
that  is  metabolized  and  the  resulting  benzene- 
induced  toxicity  in  animals.  The  direct  relevance 
of  these  experiments  in  predicting  risk  for 
humans  is  uncertain  since  human  exposures  are 
typically  by  inhalation  at  much  lower  exposure 
concentrations  for  longer  durations.  However, 
some  evidence  suggests  that  mutual  metabolic 
suppression  between  benzene  and  toluene  does 
occur  in  people  exposed  to  concentrations  of 


0  50  100  0  50  100 

Benzene  in  air  (ppm)  Benzene  in  air  (ppm) 


Fig.  4.  Comparison  of  urinary  excretion  of  2  benzene  metabo¬ 
lites,  phenol  (left)  and  hydroquinone  (right)  in  workers 
exposed  to  benzene  alone  or  mixtures  of  benzene  and 
toluene.  The  regression  lines  describe  the  relationship  be¬ 
tween  benzene  exposure  (TWA,  ppm)  and  metabolite  excre¬ 
tion  (mg  metabolite  per  1  urine)  for  benzene-exposed  (solid 
line)  or  toluene  and  benzene  exposed  (dashed  line)  groups. 
Data  taken  from  Inoue  et  al.  [10]. 

benzene  and  toluene  in  certain  workplace  en¬ 
vironments. 

For  example,  Inoue  et  al.  [10]  examined  both 
the  exposure  concentration  during  a  work  shift 
and  the  benzene  metabolite  concentrations  in  the 
end-shift  urine  of  male  Chinese  workers  exposed 
to  either  benzene  or  toluene  or  a  mixture  of  both 
chemicals.  Additionally,  these  investigators 
looked  at  nonexposed  male  workers  (control 
group).  The  relationship  between  the  time- 
weighted  average  (TWA)  benzene  concentration 
and  the  concentration  of  the  individual  metabo¬ 
lites  in  urine  was  analyzed  for  each  group  (Fig. 
4).  The  results  indicated  that  urinary  levels  of  the 
benzene  metabolites  phenol  and  hydroquinone 
were  lower  in  the  group  exposed  to  both  toluene 
and  benzene  compared  to  the  group  exposed  to 
benzene  alone.  The  investigators  hypothesized 
that  biotransformation  of  benzene  to  its  hydroxy- 
lated  metabolites  in  humans  is  suppressed  by 
coexposure  to  toluene.  These  findings  suggest 
that  when  workers  are  exposed  to  toluene  in 
addition  to  benzene,  the  amounts  of  phenol  and 
hydroquinone  excreted  in  the  urine  will  be  lower 
than  those  expected  from  exposure  to  benzene 
only  at  similar  concentrations. 

4.  Conclusion 

The  development  of  quantitative  linkages  be¬ 
tween  exposure  and  response  based  on  biologi¬ 
cally  plausible  mechanisms  of  action  at  exposure 
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levels  that  are  likely  to  be  encountered  by  people 
will  significantly  improve  risk  assessments  for 
humans  exposed  to  chemical  mixtures.  The  use 
of  PBTK  models  as  tools  to  assist  in  predicting 
internal  dose  following  exposure  to  chemical 
mixtures  can  prove  to  be  valuable.  Examples 
presented  here  for  butadiene-styrene  interactions 
demonstrate  how  these  models  can  be  used  to 
predict  potentially  important  interactions.  Ulti¬ 
mately,  experiments  using  whole  animals  can  be 
used  to  verify  model  predictions  of  chemical 
interactions.  Mechanistic  research  coupled  with 
the  development  of  dosimetry  models  can  assist 
not  only  in  the  interpretation  of  effects  of  com¬ 
bined  exposures  but  also  in  predictions  of  dose  to 
target  tissues. 
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Abstract 

Health  risk  assessment  is  the  practice  of  evaluating  the  degree  of  danger  associated  with  chemical  exposure, 
whether  the  exposure  is  intentional  (pharmacologic  agents,  pesticides)  or  unintentional  (industrial /automobile 
by-products).  Chemical  exposure  can  either  be  to  a  single  chemical  or  to  complex  mixtures  such  as  industrial 
effluents,  municipal  wastes,  jet  fuels,  gasoline,  or  mixtures  of  drinking  water  contaminants.  The  mixtures  can  be 
simple  or  complex;  partially  or  completely  characterized;  and  stable  or  varying  in  composition.  Three  different 
approaches  are  often  used  in  health  risk  assessment  of  chemical  mixtures  (51  FR  33992-34054).  These  3  approaches 
consist  of  (a)  use  of  data  on  the  specific  mixture  of  concern;  (b)  use  of  data  on  a  similar  mixture;  and  (c)  use  of  data 
on  each  component  of  the  mixture.  The  individual  component-based  approach  is  by  far  the  most  often  used  because 
it  allows  the  individual  risks  from  each  component  to  be  combined,  usually  by  dose  or  response  additivity,  to 
calculate  an  overall  risk  for  the  mixture.  In  addition,  several  innovative  methods,  such  as  the  toxicity  equivalency 
factor,  relative  potency,  and  even  the  use  of  indicator  chemicals,  are  also  employed.  More  recently,  a  binary 
weight-of-evidence  approach  has  been  proposed  to  evaluate  potential  interactions  between  the  various  components 
and  to  integrate  them  into  the  overall  toxicity  assessment  of  the  mixture.  Because  no  single  approach  is  suitable  for 
assessing  the  health  risk  associated  with  all  the  exposure  scenarios  associated  with  the  various  types  of  mixtures,  the 
use  of  professional  judgment  is  still  imperative  in  conducting  health  risk  assessments. 

Keywords:  Chemical  mixtures;  Toxicity  assessment;  Chemical  interactions;  Hazard  index;  Public  health 


1.  Introduction 

Health  risk  assessment  is  the  practice  of 
evaluating  the  degree  of  danger  associated  with 
chemical  exposure.  Assessing  the  risks  associated 
with  exposure  to  chemicals  involves  acquisition 
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and  interpretation  of  appropriate  data;  drawing 
and  integration  of  conclusions  from  such  data; 
and  formulation  of  overall  recommendations  for 
the  management  of  potential  risks  [1].  Chemical 
exposure  could  be  intentional  or  unintentional 
and  it  could  be  to  a  single  chemical  or  mixtures 
of  chemicals.  Ample  examples  of  intentional 
exposure  to  chemical  mixtures  can  be  found  in 
the  pharmacology  literature  [2].  The  potential  of 
joint  toxic  action  of  chemicals  has  been  long 
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recognized  by  a  diverse  groups  of  scientists 
including  physicians,  public  health  practitioners, 
pharmacologists,  toxicologists,  pesticide  scien¬ 
tists,  health  risk  assessors,  statisticians,  mathe¬ 
maticians,  epidemiologists  and  environmentalists. 
For  this  reason,  several  terms  have  been  defined 
to  explain  the  observations  of  joint  toxic  action 
such  as  those  that  are  used  to  explain  the  various 
types  of  interactions  that  influence  the  toxicity; 
namely,  synergism,  potentiation,  antagonism,  in¬ 
hibition,  more  than  additive,  additive  and  less 
than  additive. 

The  concepts  of  additivity,  synergism  and 
antagonism  have  been  successfully  employed  for 
a  long  time  in  the  field  of  anesthesiology.  For 
example,  morphine  in  combination  with  other 
epidural  anesthetics  has  been  used  effectively  to 
provide  improved  overall  pain  relief  following 
surgery.  However,  with  dosing  regimens  of  multi¬ 
ple  anesthetics  needed  to  reach  levels  necessary 
for  total  pain  relief,  the  potential  risk  of  side 
effects  also  increases.  Thus,  an  ideal  example  of 
intentional  exposure  to  chemical  mixtures  would 
be  the  multimodal  pain  therapy  using  ‘balanced 
analgesia’  [3].  This  therapy  is  based  on  the 
hypothesis  that  a  combination  of  (low-level) 
analgesics  with  different  sites  of  action  may 
improve  overall  post-operative  pain  relief  with 
minimal  or  no  side  effects.  This  hypothesis  was 
tested  through  an  evaluation  of  the  analgesic 
effects  (pain  relief)  of  adding  low-dose  clonidine 
to  a  very  low-dose  regimen  of  continuous  epidur¬ 
al  local  anesthetics  and  morphine  following  hy¬ 
sterectomy  [4].  Bupivacaine  (5  mg/h)  and  mor¬ 
phine  (0.1  mg/h)  were  given  continuously  with 
clonidine  (18.75  /xg/h)  following  a  bolus  dose  of 
75  /xg.  No  significant  differences  were  observed 
in  pain  scores  at  rest  between  the  clonidine  and 
placebo  groups,  but  an  enhanced  analgesic  effect 
was  observed  during  cough  and  mobilization 
when  clonidine  was  used. 

An  example  of  unintentional  exposure  to  en¬ 
vironmental  chemicals  would  be  the  Gulf  War 
syndrome  that  lacks  a  good  case  definition  [5]. 
The  exposure  was  to  chemical /biologic  agents, 
smoke  and  petroleum  combustion  products.  This 
syndrome  presented  as  a  mixture  of  illnesses  with 
substantial  but  unexplained  manifestations  that 
varied  from  person  to  person.  Symptoms  such  as 


fatigue,  abdominal  pain,  diarrhea,  headache, 
memory  loss,  skin  rashes,  and  hair  loss  were 
often  reported.  Exposure  occurred  through  a 
combination  of  inhalation,  oral  and  dermal 
routes.  The  exposure  occurred  under  variable 
environmental  conditions  such  as  temperature, 
humidity,  and  high  winds  that  blew  sand.  It  was 
recognized  that  of  the  700  000  regular  military 
service  personnel,  several  did  not  want  to  com¬ 
plain  about  health  problems  that  were  tolerable, 
because  of  possible  adverse  repercussions  on 
their  military  careers.  Also,  about  150  000  per¬ 
sonnel  were  given  Anthrax  vaccine  while  others 
were  given  a  chemical  warfare  antidote  known  as 
pyridostigmine.  Thus,  this  is  a  complex  mixtures 
exposure  that  poses  a  formidable  challenge  for 
health  risk  assessors  because  of  major  data  gaps 
and  lack  of  information  regarding  characteriza¬ 
tion,  duration,  and  route  of  exposure.  The  chemi¬ 
cal  mixtures  encountered  in  the  real  world  such 
as  those  found  at  hazardous  waste  sites  are 
presented  with  information  between  (1)  simple 
and  completely  characterized  and  (2)  the  highly 
complex  and  poorly  characterized  mixtures. 

To  assess  the  health  effects  of  diverse  mixtures 
encountered  in  the  environment,  3  different 
approaches  are  often  used  in  health  risk  assess¬ 
ment  [6].  An  appropriate  method  is  used  de¬ 
pending  on  the  known  toxic  effects,  the  availabil¬ 
ity  of  toxicity  data  on  the  mixture  or  similar 
mixture,  the  known  or  anticipated  interactions 
among  components  of  mixture  and  the  quality  of 
exposure  data  (Table  1).  The  health  risk  asses¬ 
sors  should  utilize  every  plausible  approach  that 
can  be  applied,  compare  the  results  and  decide  to 
use  the  approach  that  best  suits  the  exposure 
scenario.  The  results  of  such  multiple  analyses 
may  be  useful  in  describing  the  uncertainty  in  the 
risk  assessment  that  is  under  consideration.  In 
practice,  the  use  of  all  3  approaches  may  not  be 
possible  because  of  lack  of  data,  time  and  other 
resources. 


2.  The  mixture  of  concern  approach 

The  first  approach  is  the  ‘mixture  of  concern’ 
approach.  It  is  the  most  direct  and  simplest 
method  and  entails  the  fewest  uncertainties. 
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Table  1 


Risk  assessment  approaches  used  for  chemical  mixtures 


Mixture  of  concern 

Similar  mixture 

HI 

Efficiency  and  utility 

+  +  + 

+  + 

+ 

Frequency  of  use 

+  + 

-1- 

+  +  + 

Toxicity  of  information 

+  + 

+ 

+  +  + 

Monitoring  data  availability 

+  + 

+ 

+  +  + 

Uncertainty"1 

+ 

+  + 

+  +  + 

a  Uncertainty  in  estimation  of  risk  and  influence  of  chemical  interactions. 
+  +  +,  most;  ++,  some;  +,  least. 

HI,  hazard  index. 


Hence,  it  can  be  called  the  preferred  approach. 
This  approach,  however,  is  the  one  that  can  be 
least  frequently  applied  because  it  requires  that 
toxicity  data  be  available  on  the  specific  mixture 
of  concern  to  the  risk  assessment  and  that  these 
data  be  adequate  for  deriving  an  integrated 
allowable  level  such  as  a  minimal  risk  level 
(MRL)  for  the  mixture.  Such  mixtures  are  few. 
Recently  an  MRL  was  derived  for  fuel  oils, 
mixtures  of  aliphatic  and  aromatic  petroleum 
hydrocarbons,  that  contain  small  amounts  of 
nitrogen,  sulfur,  other  elements  and  additives  as 
well.  While  the  exact  chemical  composition  of 
such  a  mixture  may  vary  to  a  small  degree,  it  is 
reasonably  consistent  from  sample  to  sample. 
The  study  used  in  the  MRL  derivation  repre¬ 
sented  the  actual  controlled  exposure  to  a  well- 
defined  mixture,  and  was  considered  to  represent 
a  ‘best  case’  exposure  scenario.  The  relevance  of 
effects  observed  in  laboratory  animals  during 
daily  exposures  may  not  always  be  extrapolatable 
to  other  human  exposure  scenarios,  depending 
on  the  toxicokinetic  properties  of  the  compo¬ 
nents  of  the  chemical  mixture.  For  example, 
hepatotoxic  effects  were  observed  in  mice  ex¬ 
posed  to  jet  fuel  (JP-4)  vapors  at  a  concentration 
of  500  mg/m3  for  24  h  per  day,  7  days  a  week  for 
90  days,  but  not  in  mice  exposed  for  only  6  h  per 
day,  5  days  a  week  for  8  months  at  an  air 
concentration  of  5000  mg/m3  or  for  6  h  per  day, 
5  days  a  week  for  1  year  at  1000  mg/m3.  Often  it 
is  not  possible  to  derive  a  single  risk  assessment 
value  that  can  be  used  directly  in  all  risk  assess¬ 
ments  because  some  mixtures  such  as  gasoline 
generally  substantially  vary  in  composition  de¬ 
pending  on  the  source  of  the  crude  oil  or  differ¬ 
ences  in  the  fractionation  process. 


3,  The  ‘similar  mixture’  approach 

This  leads  to  the  second  approach  used  for  the 
risk  assessment  of  chemical  mixtures.  Although 
all  the  information  may  not  be  available  on  most 
complex  mixtures,  the  toxicologic  properties  of 
some  of  them  such  as  coke  oven  emissions,  diesel 
exhaust,  and  wood  stove  emissions  have  been 
extensively  investigated.  Such  information  can  be 
considered  in  the  risk  assessment  and  used  if  the 
mixture  on  which  information  is  available  is 
‘sufficiently  similar’  to  the  mixture  of  concern. 
For  example,  if  the  risk  assessment  is  needed  for 
gasoline  contamination  of  groundwater  and  in¬ 
formation  is  available  on  the  chronic  toxic  effects 
of  gasoline,  it  may  be  possible  to  use  the  avail¬ 
able  information  to  assess  risks  from  the  con¬ 
taminated  groundwater.  However,  there  are  no 
set  criteria  to  help  decide  when  a  mixture  is 
sufficiently  similar.  Hence,  it  is  left  to  the  judg¬ 
ment  of  the  health  assessor  to  balance  the 
uncertainties  inherent  in  the  dissimilarities  be¬ 
tween  the  composition  of  2  mixtures  versus  those 
in  the  other  available  assessment  methods.  One 
method  that  can  be  somewhat  helpful  in  deciding 
the  similarity  is  the  relative  potency  method  [7- 
9].  This  method  allows  the  use  of  information 
from  short-term  bioassays  on  the  mixture  of 
concern  to  conduct  the  risk  assessment  in  the 
absence  of  more  complete  data  thus  helping  to 
determine  sufficient  similarity.  The  relative 
potency  method  is  based  on  the  hypothesis  that 
the  ‘relative  potencies’  of  chemical  mixtures  are 
consistent  across  various  bioassays  used  for  toxic¬ 
ity  testing  of  certain  endpoints.  When  validated, 
this  approach  offers  a  method  for  using  short¬ 
term  assays  of  complex  mixtures  as  a  surrogate 
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for  long-term  in  vivo  assays.  The  approach  first 
normalizes  the  results  among  each  class  of  bioas¬ 
says  relative  to  some  standard  bioassay,  thus  the 
term  ‘relative  potency’  method.  This  method  has 
only  been  specifically  applied  to  complex  mix¬ 
tures  that  cause  cancer  and  for  which  the  dose 
response  functions  can  be  described  by  a  simple 
linear  dose-response  model. 


4.  The  hazard  index  approach 


The  first  2  approaches  are  used  for  those 
mixtures  that  have  been  experimentally  tested  as 
a  whole.  The  goal  of  the  third  approach,  the 
hazard  index  (HI)  approach,  is  to  approximate 
the  toxicity  of  mixtures  that  have  not  been 
experimentally  tested.  This  approach  is  based  on 
the  component  toxicity  of  the  chemical  mixtures 
and  attempts  to  construct  an  HI  for  the  whole 
mixture  and  in  fact,  is  the  most  often  used 
approach.  The  HI  approach  attempts  to  combine 
exposure  levels  and  toxicologic  consequences  of 
the  exposure  into  a  single  value  obtained  by 
potency-weighted  dose  addition  of  each  com¬ 
ponent  of  the  mixture.  It  relies  heavily  on  some 
form  of  addition  of  either  doses  or  responses. 
The  procedures  involved  in  this  combination  are 
based  on  classical  definitions  developed  in  the 
toxicology  of  mixtures  [10].  Similar  joint  action, 
as  defined  by  Bliss  [11]  is  the  conceptual  basis  for 
the  HI  approach.  This  is  also  referred  to  as 
simple  similar  action.  Similar  joint  action  is  ‘non¬ 
interactive’  (i.e.,  the  chemicals  in  the  mixture  do 
not  affect  the  toxicity  of  one  another).  This  form 
of  joint  action  also  postulates  that  all  the  chemi¬ 
cals  in  the  mixture  act  in  the  same  way,  by  the 
same  mechanism,  and  differ  only  in  their  poten¬ 
cies,  i.e.  the  chemical  components  of  a  mixture 
behave  as  if  they  were  dilutions  or  concentra¬ 
tions  of  each  other,  thus  the  true  slopes  of  the 
dose-response  curves  for  the  individual  chemicals 
are  identical.  In  other  words,  the  chemicals 
behave  as  concentrations  or  dilutions  of  one 
another.  The  general  equation  for  the  HI  is: 


HI  = 


DLl  DL- 


+ 


DL. 


(1) 


In  Eq.  1,  £,  is  the  level  of  exposure  to  the  first 
chemical  in  the  mixture  and  DLX  is  some  ‘De¬ 
fined  Level,’  often  a  regulatory  goal,  for  expo¬ 
sure  to  the  first  chemical.  Similarly,  E2  and  DL2 
are  the  corresponding  levels  for  chemical  2.  This 
can  be  continued  for  any  number  of  chemicals, 
signified  by  the  n  in  Eq.  1.  Each  of  the  individual 
ratios  (e.g.,  EJDLX)  is  called  the  hazard  quot¬ 
ient.  The  HI  is  the  sum  of  the  hazard  quotients. 


m=y 


DL, 


(2) 


In  addition  to  its  use  in  the  HI,  similar  joint 
action  also  serves  as  the  basis  for  the  ‘toxic 
equivalency  factor’  (TEF)  method  [6]  used  for 
chlorinated  and  brominated  dioxins  and  diben- 
zofurans  [12].  Like  the  relative  potency  method, 
the  TEF  method  allows  incorporation  of  infor¬ 
mation  from  short-term  bioassays  or  other  forms 
of  toxicologic  data  that  might  not  otherwise  be 
directly  useful.  The  TEF  approach  starts  with  the 
assumption  that  the  components  in  the  mixture 
are  dose  additive.  All  the  available  data  on  the 
components  is  used  to  judgmentally  estimate  the 
relative  potencies  in  terms  of  a  reference  chemi¬ 
cal.  Potency  estimates  are  used  to  convert  the 
levels  of  various  components  in  the  mixture  into 
equivalent  doses  of  the  reference  chemical.  This 
method  is  applied  only  to  a  toxicologic  class  of 
chemicals  with  similar  mechanisms  of  action  so 
as  to  allow  judgmental  correlation  of  the  results 
from  short-term  assays  to  long-term  toxicologic 
effects. 

The  HI  approach  is  simple  but  limited  with 
respect  to  the  influence  of  chemical  interactions 
on  the  overall  toxicity,  and  estimation  of  adverse 
effects.  Additivity  assumptions  can  lead  to  sub¬ 
stantial  errors  in  risk  estimates  of  mixtures  of 
industrial,  occupational  and  environmental 
chemicals,  if  synergistic  and  antagonistic  interac¬ 
tions  occur  [13-18].  It  has  been  found  that  each 
chemical  component  of  a  mixture  has  a  unique 
potential  to  influence  the  toxicity  of  other  mix¬ 
ture  components.  However,  the  magnitude  or  the 
capacity  of  this  potential  to  interact  is  rarely 
known.  Equally  important  is  that  the  risk  assess¬ 
ment  values  arrived  at  using  the  HI  approach 
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should  also  express  the  available  information  on 
chemical  interactions.  There  is  very  little  guid¬ 
ance  on  how  the  interactions  should  be  evaluated 
or  incorporated  in  the  overall  risk  assessment. 
The  National  Academy  of  Sciences  has  proposed 
the  use  of  additional  safety  factors  if  synergistic 
interactions  are  of  concern  [19].  To  provide 
further  guidance  on  this  issue,  a  binary  weight- 
of-evidence  (BINWOE)  method  can  be  used 
[20].  The  BINWOE  method  yields  a  composite 
representation  of  all  the  toxicologic  interaction 
evidence  from  animal  bioassay  data  and  human 
studies  data;  relevance  of  route,  duration  and 
sequence;  and  the  significance  of  interactions.  In 
terms  of  estimating  risk,  the  HI  values  obtained 
using  the  HI  approach  should  be  interpreted 
carefully.  For  example,  if  chemical  mixture  ‘X’ 
yields  an  HI  value  of  4,  it  need  not  be  inter¬ 
preted  as  twice  as  toxic  as  mixture  ‘Y’  that  yields 
a  value  of  2.  However,  it  can  be  said  that  mixture 
‘X’  is  more  toxic  than  mixture  ‘Y\  Thus  the  HI 
approach  can  be  used  for  priority  setting  of 
mixtures.  Generally,  as  the  value  of  the  HI 
approaches  unity,  concern  for  the  potential  haz¬ 
ard  of  the  mixture  increases.  In  terms  of  estimat¬ 
ing  risk,  it  is  important  the  estimates  be  realistic. 
Use  of  the  defined  value  based  on  a  critical  effect 
for  secondary  effects  assessment  could  over¬ 
estimate  risk  [21].  To  circumvent  this  problem, 
target-organ  toxicity  doses  (TTDs)  can  be  de¬ 
veloped  and  employed  [22]. 


5.  Conclusion 

Given  the  different  types  of  mixtures  for  which 
health  risk  assessments  are  performed  as  well  as 
the  many  factors  that  impact  the  overall  toxicity 
of  such  mixtures  no  single  approach  is  suitable  to 
conduct  every  health  risk  assessment.  An  ideal 
risk  assessment  would  be  based  on  toxicologic 
data  on  the  mixture  of  concern  for  which  health 
effects  have  been  well  characterized  thus  requir¬ 
ing  minimal  extrapolation.  Also,  appropriate 
monitoring  information  either  alone  or  in  combi¬ 
nation  with  modeling  information  is  sufficient  to 
accurately  characterize  human  exposure  to  the 
mixture.  But  such  characterizations  of  risk  are 


rare.  The  risk  assessment  process  must  encom¬ 
pass  all  available  toxicologic  data  and  scientific 
evidence  on  the  plausible  toxicities  of  chemical 
mixtures.  It  is  also  imperative  that  research  to 
develop  appropriate  methods  continue  with  an 
emphasis  on  a  ‘systems’  approach  that  studies 
multiple  endpoints  rather  than  specific  endpoints. 
In  the  meantime,  professional  judgment  that  is 
gained  by  conducting  such  assessments  has  to  be 
carefully  used  to  ensure  adequate  public  health 
protection.  The  chemical  mixtures  assessment 
process  will  benefit  by  utilizing  a  team  approach 
wherein  experimental  scientists,  model  develop¬ 
ers  and  health  risk  assessors  participate  toward 
the  development  of  consensus. 
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Abstract 

The  World  Health  Organisation  is  attempting  to  harmonise  the  processes  of  risk  assessment  worldwide  in  the 
hope  that  assessments  performed  in  one  country  will  be  acceptable  to  other  countries.  This  would  reduce  not  only 
duplication  of  work  by  scientists,  but  would  also  reduce  to  a  minimum  the  need  for  animal  studies.  There  are 
differences  in  the  scientific  approaches  used  in  different  countries  to  the  process  of  hazard  and  risk  assessment.  For 
example,  in  the  USA  risk  assessment  is  focusing  on  development  of  mathematical  models  to  describe  dose-response 
relationships  to  define,  for  example,  a  benchmark  dose.  In  Europe  much  less  use  is  made  of  such  models.  More 
dependence  is  placed  on  no-effect  levels,  and  the  use  of  safety  factors  is  much  more  highly  developed.  Political 
considerations  come  into  play  when  one  looks  at  the  use,  or  misuse,  that  may  be  made  of  such  hazard  and  risk 
assessments.  Once  a  chemical  has  been  classified  and  placed  on  a  ‘list’  of  reprotoxic  chemicals,  the  underlying 
criteria  may  be  ignored  and  actions  taken  which  are  quite  unjustified  by  the  original  scientific  evidence. 

Keywords:  Regulatory  toxicology;  Risk  assessment;  Reproductive  system 


1.  Introduction 

The  World  Health  Organisation  (WHO)  in 
collaboration  with  the  OECD  has  started  a 
programme  to  attempt  to  harmonise  the  risk 
assessment  processes  worldwide.  The  intention  is 
not  to  attempt  to  standardise  the  processes  but  to 
develop  an  understanding  of  the  methodologies 
used  in  the  different  countries  and  to  develop 
confidence  in  the  different  methods  used.  Ulti¬ 
mately  it  may  be  possible  to  move  towards  the 
use  of  common  methods.  In  an  increasingly 


*  The  views  and  opinions  expressed  in  this  paper  are  solely 
those  of  the  author  and  do  not  represent  in  any  way  those  of 
the  WHO  or  any  of  the  other  organisations  referred  to. 


international  environment  with  growing  demands 
for  reduction  in  animal  experiments,  it  is  im¬ 
portant  to  avoid  the  duplication  of  studies  merely 
because  they  do  not  conform  to  the  guidelines  of 
another  country,  or  even  worse,  to  the  guidelines 
of  another  regulatory  authority  within  one  coun¬ 
try.  One  of  the  aims  of  risk  assessment  must  be 
to  make  the  best  use  of  available  data,  and  to 
develop  the  most  economic  designs  of  animal 
study  for  this  purpose. 

One  of  the  first  tasks  has  been  to  attempt  to 
harmonise  the  terminology  used  in  the  field  of 
reproductive  toxicology  so  that  at  least  we  all 
understand  the  meaning  of  the  main  terms  used. 
There  is  increasing  agreement  between  the  USA 
and  Europe  that  the  term  ‘reproductive  toxicity’ 


0378-4274/ 95/ $09.50  ©  1995  Elsevier  Science  Ireland  Ltd.  All  rights  reserved 
SSDI  0378-4274(95)03583-7 


534 


F.M .  Sullivan  /  Toxicology  Letters  82183  (1995)  533-537 


should  mean  adverse  effects  on  all  the  processes 
related  to  reproduction  from  sexual  development 
and  behaviour,  through  fertility  and  conception, 
and  including  development  pre-  and  postnatally. 
For  convenience  this  is  frequently  subdivided 
into  ‘sexual  function  and  fertility’  to  refer  to 
effects  on  the  male  and  female  sexual  behaviour 
and  gonads.  This  includes  any  effects  from  pu¬ 
berty  to  conception  and  development  up  to  the 
stage  of  implantation.  ‘Developmental  toxicity’ 
has  not  been  clearly  defined  but  includes  em- 
bryofetal  development  from  the  stage  of  im¬ 
plantation  through  parturition  to  full  postnatal 
development  up  to  the  stage  of  puberty.  These 
are  the  definitions  which  have  been  used  in  the 
EEC  classification  process  for  chemicals  under 
the  EEC  Directive  on  Dangerous  Chemicals. 

‘Risk  Assessment’  is  a  process  which  involves 
3  phases:  (1)  hazard  identification;  (2)  dose-re¬ 
sponse  extrapolation;  and  (3)  exposure  assess¬ 
ment.  This  then  allows  an  estimate  to  be  made  of 
the  risk  from  a  defined  exposure  to  humans. 
What  action  is  then  taken  following  this  assess¬ 
ment  is  called  ‘risk  management’  and  is  not  the 
subject  of  this  paper.  Each  one  of  the  phases  in 
the  assessment  is  complex  and  open  to  many 
variations  and  provides  the  problems  which  have 
to  be  overcome  before  harmonisation  can  be 
achieved.  Hazard  identification  usually  involves 
the  detection  of  reproductive  toxic  effects  in 
animals.  The  precise  characterisation  of  these 
effects  is  done  in  further,  more  detailed  animal 
experiments  and  in  humans.  Dose-response  ex¬ 
trapolation  attempts  to  define  the  range  of  doses 
which  cause,  or  which  do  not  cause  adverse 
effects.  It  also  involves  extrapolation  within  and 
between  species  and  the  use  of  modifying  factors. 
Exposure  assessment  involves  examination  of  the 
actual  levels  of  a  chemical  to  which  humans  are 
exposed  and  may  need  to  take  into  account 
special  features  which  may  be  of  relevance,  such 
as  route  of  exposure. 

2.  Hazard  identification 

Hazard  identification  is  normally  done  by 


means  of  animal  experiments.  Many  different 
designs  of  study  have  been  used  to  assess  adverse 
effects  on  development  and  there  has  been  a 
gradual  change  in  recent  years  from  studies 
designed  solely  to  detect  teratogenic  effects  to 
studies  with  a  much  wider  range  of  endpoints.  In 
particular  there  has  been  interest  in  adverse 
effects  on  postnatal  development  following  expo¬ 
sure  during  pregnancy.  This  has  necessitated 
modification  of  the  older  study  designs  and,  in 
the  testing  of  drugs  for  worldwide  markets  led  to 
a  huge  increase  in  the  work  required.  This  has 
led  to  a  major  revision  in  the  drug  testing 
guidelines  by  the  International  Conference  on 
Harmonisation  and  the  new  guidelines  have  been 
readily  accepted,  leading  to  a  reduction  in  the 
numbers  of  animals  used.  Since  regulatory  re¬ 
quirements  for  most  other  types  of  chemicals, 
food  additives,  pesticides  and  industrial  chemi¬ 
cals  have  been  based  on  the  drug-testing  guide¬ 
lines,  it  is  likely  that  testing  of  these  will  change 
also.  One  basic  study  design  used  for  these  other 
chemicals  which  was  not  used  for  drugs,  the 
multigeneration  study,  has  also  been  modified 
extensively  in  recent  years  mainly  by  reducing 
the  number  of  generations  and  litters  tested  from 
the  original  3-generation,  2-litter  protocol  to  a 
variety  of  usually  lesser  options. 

It  has  to  be  remembered  that  regulatory  guide¬ 
lines  are  normally  only  for  the  detection  of 
hazards,  they  are  not  designed  for  hazard  charac¬ 
terisation.  In  order  to  assess  whether  effects 
detected  in  the  animal  studies  have  relevance  for 
human  exposure  situations,  it  is  necessary  to 
carry  out  studies  to  attempt  to  characterise  the 
effects,  i.e.  to  know  the  dose-response  relation¬ 
ships,  the  mechanisms  by  which  the  effects  are 
induced,  the  relationship  to  other  effects  pro¬ 
duced  in  the  adult  animals  which  may  be  rel¬ 
evant,  and  the  species  specificity. 

3.  Developmental  studies 

Problems  which  still  have  to  be  solved  in 
achieving  harmonisation  of  risk  assessment  in¬ 
clude  a  number  of  issues  relating  to  animal 
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testing.  For  example:  how  many  species  are 
necessary,  and  which  are  the  best  species?  what 
can  be  done  if  the  rat  or  rabbit  are  not  suitable 
for  some  reason?  what  is  the  minimum  number 
of  animals  which  can  be  accepted?  what  should 
be  the  duration  of  dosing?  which  guidelines  are 
acceptable  if  only  a  limited  number  of  studies 
have  been  done?  whether  it  is  necessary  to 
determine  a  no-effect  level  or  whether  a  method 
like  the  benchmark  dose  calculation  which  does 
not  require  a  no-effect  level  can  be  substituted 
instead. 


4.  Fertility  studies 

In  females,  the  traditional  methods  of  assess¬ 
ment  by  dosing  for  2  or  3  cycles  followed  by 
mating  trials  is  still  the  most  common  method. 
This  may  be  supplemented  when  problems  arise 
by  assessment  of  cycles  by  use  of  vaginal  smears. 
This  gives  a  good  indication  of  normal  cyclical 
hormone  activity. 

In  males  however,  there  has  been  a  change  in 
attitude  in  recent  years  as  to  which  methods  are 
the  most  satisfactory  for  detecting  adverse  effects 
on  the  testis.  In  rats,  there  is  normally  a  large 
excess  of  sperm  production  compared  with  the 
number  required  for  fertility  to  be  maintained.  It 
is  clear  that  there  can  be  considerable  testicular 
damage  with  reduction  in  testis  weight,  damage 
to  the  seminiferous  tubules,  reduction  in  sperm 
number  and  increase  in  non-motile  or  abnormal 
sperm,  without  any  detectable  change  in  fertility 
in  the  males  as  assessed  by  mating  performance. 
This  is  clearly  different  from  the  situation  in 
humans  where  relatively  small  reductions  in 
sperm  number  may  be  associated  with  infertility. 
Increasing  reliance  has  therefore  been  placed  on 
histological  and  sperm  quality  assessments.  This 
is  demonstrated  by  the  changes  proposed  in  the 
ICH  guidelines  for  drug  evaluation  and  the  new 
OECD  guidelines  for  chemical  assessment  which 
have  reduced  the  time  of  premating  treatment  of 
males  from  10  to  4  weeks  provided  that  no 
histopathology  in  the  testis  or  epididymis  has 


been  observed.  Actual  mating  studies  are  still 
required  to  assess  sexual  behaviour. 

5.  Assessment  of  the  study  outcomes 

It  is  interesting  to  analyse  why  different  sci¬ 
entists  assessing  the  same  study  will  frequently 
come  to  different  conclusions  on  both  the  out¬ 
come  of  the  study  and  on  its  significance  for 
extrapolation  to  man.  Some  of  the  areas  of 
disagreement  are  as  follows: 

(1)  Should  all  differences  from  controls  be  re¬ 
garded  as  adverse?  Should  treated  groups  be 
compared  with  concurrent  controls  or  with  his¬ 
torical  control  ranges,  and  if  historical  over  how 
many  studies /months /years?  Can  one  compare 
within  the  same  strain  only  within  one  labora¬ 
tory,  or  between  laboratories  if  the  animals  are 
from  the  same  supplier,  or  from  different  sup¬ 
pliers  (breeding  colonies)? 

(2)  What  importance  should  be  accorded  to 
results  which  are  statistically  significant  but  not 
biologically  significant,  or  vice  versa?  What  is  the 
importance  of  a  steep  versus  a  shallow  dose- 
response  relationship?  What  if  the  treated  groups 
differ  from  the  controls  but  there  is  no  dose- 
response  relationship? 

(3)  Are  some  effects  more  important  than 
others?  Is  this  a  function  of  their  negative  impact 
on  health?  Is  persistence  a  factor  -  is  reduced 
fetal  weight  important  if  the  birth  weight  is  not 
affected?  Are  effects  like  wavy  or  extra  ribs 
important  if  they  disappear  by  weaning?  Is  a 
reduction  in  mean  birth  weight  as  important  as 
an  increase  in  the  proportion  of  low-birth-weight 
offspring?  Is  an  increase  in  the  proportion  of 
common  variants  important,  and  is  it  more  im¬ 
portant  if  it  has  a  very  marked  dose-response 
relationship?  Would  a  marginally  significant  in¬ 
crease  ( P  <  0.05)  in  gross  malformations  be  im¬ 
portant  if  the  malformations  were  all  of  different 
types?  Would  it  be  more  important  if  they  were 
all  identical?  What  difference  would  it  make  if 
the  background  rate  was  relatively  high  or  ex¬ 
tremely  low? 

All  of  these  are  difficult  questions  and  are 
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given  different  weightings  by  different  scientists. 
These  considerations  start  to  overlap  with  the 
final  stages  of  risk  assessment  of  extrapolation  to 
humans  and  setting  acceptable  exposure  levels  or 
acceptable  daily  intakes  by  introducing  different 
values  for  safety  factors. 

6.  Extrapolation  to  humans 

The  most  satisfactory  situation  is  when  one  can 
define  the  mode  of  action  of  the  reproductive 
toxicant  in  the  animal  model  and  then  state 
whether  such  a  mechanism  would  operate  in 
humans.  The  differences  in  reproductive  physi¬ 
ology  between  species  are  sufficiently  large  for 
there  to  be  cases  where  a  chemical  affects  fertili¬ 
ty  or  development  by  acting  on  hormones  or 
systems  which  do  not  operate  in  humans.  In  such 
a  situation,  the  animal  studies  can  be  discounted, 
though  the  different  effects  in  humans  are  still 
possible.  If  mechanisms  similar  to  those  respon¬ 
sible  for  the  adverse  effects  in  animals  do  exist  in 
humans,  then  some  confidence  can  be  achieved 
by  determining  the  no-effect  levels  for  the  under¬ 
lying  changes  in  human  studies. 

The  more  usual  situation,  however,  is  that  the 
underlying  mechanisms  in  animals  are  not 
known,  and  then  one  has  to  resort  to  the  use  of 
safety  factors  in  arriving  at  the  acceptable  levels 
of  exposure.  This  is  the  least  scientific  part  of  risk 
assessment,  and  is  regarded  by  some  as  a  ‘num¬ 
bers  game’  and  by  others  as  a  scientific  judge¬ 
ment.  There  are  2  apparently  different  ap¬ 
proaches  to  this  final  stage: 

(1)  Determine  an  acceptable  daily  intake  (ADI) 
for  food  chemicals,  or  equivalent  such  as  the 
‘tolerable  daily  (or  weekly,  monthly)  intake’  for 
environmental  toxicants,  or  in  the  USA  a  ‘refer¬ 
ence  dose’  (Rfd,  which  is  essentially  the  same  as 
the  ADI).  All  of  these  are  estimates  of  the 
amount  of  chemical  which  if  consumed  regularly 
over  a  lifetime  would  not  be  expected  to  produce 
any  harmful  effects. 

This  is  calculated  by  taking  the  no-effect  level  (or 
some  variant  of  it  such  as  the  no-adverse-effect 
level,  or  the  benchmark  dose)  and  dividing  this 
by  a  safety  factor  or  uncertainty  factor. 


(2)  The  other  approach  is  to  calculate  a  ‘margin 
of  safety’  (or  in  the  USA  the  ‘margin  of  expo¬ 
sure’  which  is  exactly  the  same).  This  is  calcu¬ 
lated  by  dividing  the  no-effect  level  by  the 
exposure  level. 

From  the  point  of  view  of  international  har¬ 
monisation  the  latter  approach  is  more  attractive 
since  the  calculation  is  based  on  factual  data  and 
no  agreement  is  needed  on  the  size  of  safety 
factors  to  be  used.  In  practice,  however,  both 
approaches  are  the  same  since  the  margin  of 
safety  has  to  be  assessed  from  the  point  of  view 
of  adequacy,  i.e.  is  it  high  enough?  This  could  be 
left  to  individual  countries  to  work  out.  In  an 
economic  community  like  the  EU,  however,  in 
order  to  guarantee  free  trade  between  countries, 
the  safety  margin  would  still  have  to  be  agreed 
internationally  in,  for  example,  the  case  of  food 
additives. 


7.  Safety  factors 

This  is  another  area  of  disagreement.  Histori¬ 
cally,  the  figure  of  100  has  been  used  in  the  case 
of  food  additives,  but  for  pragmatic  reasons 
smaller  safety  factors  have  been  used  for  occupa¬ 
tional  exposure  limits.  It  is  generally  accepted 
that  the  value  of  100  is  the  multiple  of  10  for 
intraspecies  differences,  and  10  for  interspecies 
differences.  This  allows  a  scientific  approach  to 
be  used  for  moderation  of  these  factors  to  allow 
a  safety  factor  different  from  100  to  be  used. 
Primarily,  consideration  of  pharmacokinetic  and 
pharmacodynamic  (or  toxicokinetic  and  tox- 
icodynamic)  factors  can  be  used  in  this  process. 
For  example,  for  substances  which  exert  their 
toxic  action  without  metabolism  playing  a  role, 
e.g.  metals,  then  a  factor  less  than  10  might  be 
used  for  within  species  differences.  Similarly 
where  the  mechanism  of  toxic  action  is  identical 
in  all  species  studied,  including  man,  then  a 
factor  less  than  10  might  be  used  for  between 
species  differences.  The  2  numbers  which  have 
been  used  in  recent  studies  have  been  10  and  3 
(in  some  USA  papers  3.16,  being  the  square  root 
of  10  is  a  preferred  number).  This  gives  a  series 
of  numbers  like  10,  30,  100,  300,  etc.  for  use  as 
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safety  factors.  In  addition  to  the  safety  factors  a 
number  of  other  factors  have  been  added  in  to 
the  equation.  Factors  are  allocated  to  take  ac¬ 
count  of  deficiencies  in  the  studies,  e.g.  if  the 
quality  of  the  study  is  poor,  if  a  low-observed- 
effect  level  (LOEL)  has  to  be  used  rather  than  a 
no-effect  level,  and  so  on.  Other  factors  may  also 
be  included  in  the  calculation  as  modifying 
factors  to  take  account  of  the  types  of  toxic  effect 
involved.  For  example,  if  the  chemical  produces 
very  marked  teratogenic  effects  in  a  high  propor¬ 
tion  of  animals  treated  then  an  extra  factor  may 
be  included.  Similarly,  if  potentially  irreversible 
effects  are  produced  in  the  testis,  such  as  loss  of 
spermatogonia,  this  would  give  rise  to  use  of  a 
higher  factor  than  if  only  late  sperm  stages  were 
affected. 

In  the  past  it  has  been  the  practice  in  Europe 
to  use  some  kind  of  overall  judgement  in  arriving 
at  the  final  safety  factor  to  be  used  in  deriving 
the  acceptable  levels  of  exposure,  usually  around 
100  or  occasionally  200-1000.  Where  the  exposed 
population  is  small,  a  smaller  factor  may  be  used 
than  when  the  exposed  population  will  be  very 
large.  More  recently,  however,  attempts  have 
been  made  to  categorise  the  factors  allocated  for 
each  of  the  steps  including  the  uncertainty  and 
modifying  factors,  and  values  less  than  100  are 
being  proposed  where  the  quantity  and  quality  of 
the  evidence  seem  to  justify  such  figures.  Perhaps 
the  increasing  use  of  such  explicit  calculations 
will  improve  the  chances  of  international  har¬ 
monisation  in  the  risk  assessment  process. 


8.  Dangers  of  misuse  of  hazard-based  lists 

Under  recent  European  legislation  there  is  a 
requirement  under  the  Dangerous  Substances 
Directive  to  prepare  a  list  of  chemicals  that  are 
defined  as  ‘toxic  to  reproduction’  [1],  and  when 
classified  there  is  a  requirement  to  use  specified 
labelling  on  the  products.  This  list  is  specifically 
prepared  using  only  ‘hazard’  as  the  criterion  and 
with  no  regard  to  ‘risk’.  The  definition  of  how 
this  is  assessed  states  that  toxic  effects  on  re¬ 
production  must  be  specific  and  not  secondary  to 


other  toxic  effects  which  may  be  observed  at  high 
doses.  The  document  then  elaborates  briefly  on 
how  this  may  be  attempted.  The  intention  of 
such  a  list  is  to  warn  workers  and  others  exposed 
to  the  chemicals  of  possible  risks.  It  was  implicit¬ 
ly  assumed  that  under  actual  exposure  condi¬ 
tions,  risk  assessment  would  be  carried  out  so 
that  suitable  precautions  could  be  put  in  place. 

Unfortunately,  such  lists  are  subject  to  abuse 
by  well-intentioned  people  who  do  not  have  the 
scientific  background  to  understand  how  they 
were  prepared,  and  their  limitations.  Two  exam¬ 
ples  of  such  dangers  can  be  cited.  A  group  within 
the  European  Commission  who  were  preparing  a 
directive  on  the  safety  of  pregnant  women  at 
work  proposed  that  a  blanket  ban  should  be 
established  on  women  working  with  any  listed 
substance.  This  was  changed  at  an  early  drafting 
stage.  A  second  and  more  serious  example  is 
from  another  draft  directive  on  ‘Restriction  on 
Marketing  and  Use’.  It  stated  that  any  listed 
substance  in  Categories  1  or  2  should  not  be 
permitted  for  sale  to  the  general  public.  This  was 
based  on  a  misunderstanding  of  the  system. 
When  the  Commission  was  questioned,  it  re¬ 
sponded,  “well  it  is  a  good  idea  not  to  sell 
reproductive  toxic  substances”.  The  concepts  of 
exposure,  safety  margins  and  thresholds  were 
clearly  unknown  to  them.  Anyone  familiar  with 
the  Delaney  Amendment  in  the  USA  would 
recognise  the  folly  of  such  a  rule  for  all  consumer 
products,  yet  this  directive  is  now  becoming  part 
of  European  law  with  only  slight  change. 

It  is  very  important  that  we  think  carefully 
before  we  become  involved  in  preparation  of  lists 
of  hazardous  chemicals  that  might  be  misused. 
Remember  the  old  Scottish  saying  “The  best  laid 
schemes  of  mice  and  men  gang  aft  agley”  (...  go 
often  wrong). 
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Abstract 

A  physiologically  based  pharmacokinetic  (PBPK)  model  describing  the  disposition  of  2-methoxyacetic  acid 
(2-MAA;  the  proximate  toxicant  derived  from  oxidation  of  the  ethylene  glycol  ether,  2-methoxyethanol)  was 
developed  in  pregnant  rodents.  This  model  was  validated  with  pharmacokinetic  (PK)  data  from  dams  and  embryos 
during  major  organogenesis.  A  physiological  model  of  human  pregnancy  was  then  combined  with  the  PBPK  model 
and  linked  to  an  empirical  2-MAA  PK  model  with  2  maternal  compartments  and  a  single  or  multiple  conceptus 
compartment,  depending  on  the  developmental  stage.  This  approach  is  intended  to  allow  more  realistic  human 
pregnancy  risk  assessments  by  refining  the  reference  dose  calculations  via  uncertainty  factors.  It  will  be  possible  to 
eliminate  an  uncertainty  factor  of  10  for  interspecies  extrapolations  in  the  2-methoxyethanol  risk  assessment  if  the 
PBPK  model  described  here  is  used. 

Keywords:  Physiologically  based  pharmacokinetics;  Rodent  gestation;  Human  pregnancy  extrapolations;  Pregnancy 
risk;  Ethylene  glycol  ether  teratogenicity;  2-Methoxyacetic  acid;  2-Methoxyethanol  developmental  toxicity 


1.  Introduction  and  issues 

There  is  presently  no  generally  accepted  quan¬ 
titative  model  for  extrapolating  the  risk  of  ad¬ 
verse  prenatal  effects  elicited  by  chemicals  from 
either  high  to  low  doses  or  across  species.  There¬ 
fore  the  risk  assessment  is  more  qualitative  and, 
as  conducted  by  the  United  States  (US)  En¬ 
vironmental  Protection  Agency  (EPA),  follows 
the  guidelines  issued  by  that  agency  for  estimat¬ 
ing  the  risks  of  suspect  developmental  and  re¬ 
productive  toxicants.  This  approach  was  used  by 
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the  Occupational  Safety  and  Health  Administra¬ 
tion  (OSH A)  of  the  US  in  the  case  of  certain 
ethylene  glycol  ethers  to  determine  those  levels 
of  occupational  exposure  below  which  significant 
risk  of  adverse  health  outcomes  are  unlikely  [1]. 

Development  of  mechanism-based,  quantita¬ 
tive  dosimetry  models  that  accurately  predict 
chemical  disposition  in  laboratory  animals  is  an 
important  component  of  the  effort  to  improve 
exposure-response  assessment.  In  physiologically 
based  pharmacokinetic  (PBPK)  models,  the 
compartments  represent  the  physical  structure  of 
the  organism  [2].  To  describe  pregnancy,  OTlah- 
erty  et  al.  [3]  developed  a  PBPK  model  of  rodent 


0378-4274/ 95/ $09.50  ©  1995  Elsevier  Science  Ireland  Ltd.  All  rights  reserved 
SSDI  03 78-42 74(95) 03499- B 


540 


F.  Welsch  et  al.  I  Toxicology  Letters  82183  (1995)  539-547 


gestation  that  incorporates  growth  and  aging  of 
the  dam  and  conceptus.  In  that  model,  pre¬ 
gnancy-induced  changes  in  maternal  tissue  vol¬ 
umes  and  blood  flows,  and  growth  of  the  em¬ 
bryo/fetus  are  depicted  from  conception  to 
parturition.  Development  of  a  PBPK  model 
which  describes  chemical  disposition  in  the  preg¬ 
nant  rodent  is  a  necessary  precursor  for  similar 
efforts  with  other  species,  including  humans. 

A  PBPK  model  has  now  been  developed  to 
describe  2-methoxyacetic  acid  (2-MAA;  the  pri¬ 
mary  metabolite  and  the  proximate  toxicant  of 
2-methoxyethanol  (2-ME))  dosimetry  at  a  single 
day  in  mouse  development  [4].  The  pregnancy 
model  [3]  served  as  the  template  onto  which  a 
description  of  2-ME /2-MAA  pharmacokinetics 
(PK)  in  the  pregnant  CD-I  mouse  was  superim¬ 
posed.  The  resulting  PBPK  model  successfully 
simulated  the  PK  behavior  of  2-ME  and  2-MAA 
in  maternal  plasma,  embryo  and  extraembryonic/ 
amniotic  fluid  (EAF)  on  gestation  day  (GD)  11 
[4].  By  expansion  of  the  PK  database  for  other 
gestation  times,  the  model‘s  ability  to  simulate 
2-MAA  disposition  at  different  developmental 
stages  has  now  been  validated  [5]. 

The  overview  presented  here  focuses  on  the 
disposition  and  its  mathematical  model  simula¬ 
tions  of  a  chemical  teratogen  during  early,  mid¬ 
dle,  and  late  mouse  organogenesis  (GD  8,  11  and 
13).  An  expanded  2-MAA  PK  database  was 
generated  at  several  stages  of  embryonic  de¬ 
velopment.  The  PBPK  model  gave  rise  to  several 
hypotheses  as  to  how  the  biological  data  could  be 
explained.  Models  that  described  active  transport 
and  reversible  binding  provided  the  best  simula¬ 
tions  of  chemical  disposition  at  both  GD  11  and 
13.  The  ‘Active  Transport  Model’  established  a 
pumping  mechanism  for  the  chemical‘s  disposi¬ 
tion  and  resulted  in  2-MAA  flow  asymmetries 
consistent  with  the  PK  data.  The  ‘Reversible 
Binding  Model’  described  binding  in  the  embryo 
and  EAF  compartments  characterized  by  a  bind¬ 
ing  maximum  and  a  dissociation  constant.  The 
PK  of  2-MAA  on  GD  11  and  13  were  accurately 
simulated  by  these  alternative  models,  suggesting 
that  active  transport  and/or  reversible  binding 
may  play  an  important  role  in  the  kinetic  be¬ 
havior  of  2-MAA  at  those  times  in  mouse  gesta¬ 


tion.  This  insight  has  led  to  experimental  evalua¬ 
tion  of  one  of  the  plausible  mechanisms  (active 
transport  of  2-MAA)  that  is  now  being  tested 
experimentally. 

All  technical  details  of  PK  and  2-MAA  parti¬ 
tion  coefficients  have  been  previously  described 
[4].  2-MAA  dosimetry  data  were  obtained  in  GD 
8  maternal  plasma  and  conceptuses  (consisting  of 
combined  embryo,  EAF,  yolk  sac  and  decidual 
swelling)  following  an  i.v.  administration  of  2- 
ME  [6].  Data  for  GD  11  [4]  and  13  following 
bolus  oral  and  i.v.  doses,  respectively,  were 
obtained  in  maternal  plasma,  embryo,  and  EAF. 
All  aspects  of  the  PBPK  model  are  described  in 
detail  in  a  recent  publication  of  the  expanded 
mouse  gestation  model  [5]. 


2.  Results  and  discussion 

For  model  discrimination,  each  simulation  trial 
incorporated  appropriate  information  regarding 
maternal  and  embryo  age,  route  of  exposure,  and 
tissue  partitioning.  The  following  versions  were 
assessed  for  their  ability  to  simulate  the  bio¬ 
logical  data. 

2.1.  Flow-limited,  single  compartment  model 

On  GD  8,  this  model  (Fig.  1A)  produced 
reasonably  accurate  simulations  of  both  maternal 
plasma  and  conceptus  data  (Fig.  2A  and  B). 

2.2.  Original  hypothesis:  flow-limited  placental 
transfer 

When  the  original  version  of  the  model  [4]  for 
GD  11  was  evaluated  using  the  expanded  data¬ 
base,  it  failed  to  accurately  simulate  2-MAA 
kinetics  on  GD  13. 

2.3.  Flow-limited,  multi-compartment  model 

On  GD  11  and  13  this  model  underpredicted 
all  embryo  data  for  2-MAA  by  at  least  40% 
(data  not  shown).  Therefore,  other  explanations 
were  sought  to  explain  the  biological  data. 
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A.  Flow-Limited  -GD8 


Fig.  2.  Single  compartment  model  for  the  GD  8  conceptus. 
‘Flow-Limited  Model’  simulations  (solid  lines)  of  2-MAA  PK 
data  points  (±S.E.M.)  for  the  maternal  plasma  (A)  and 
conceptus  (B)  following  IV  injection  of  2-ME. 


Pf 


Fig.  1.  Model  variants  for  mouse  gestation  PBPK  model.  (A) 
Flow-limited  -  GD  8  compartmental  model  for  2-MAA.  The 
dam  is  represented  by  a  non-physiological  compartment 
characterized  by  a  volume  of  distribution  for  2-MAA.  The 
blood  flow  rate  Q  to  the  conceptus  is  the  placental  blood  flow 
rate  determined  by  the  physiological  model  for  pregnancy. 
The  conceptus  compartment,  representing  the  lumped  de¬ 
cidua,  placenta,  embryo,  and  extraembryonic  fluid,  has  a 
volume  defined  by  the  physiological  pregnancy  model.  Cmp, 
concentration  (mmol/1)  of  2-MAA  in  the  dam;  Ccn,  con¬ 
centration  (mmol/1)  of  2-MAA  in  the  conceptus;  Pcn,  con- 
ceptus:blood  partition  coefficient.  (B)  Flow-limited  -  GD  11 
and  13  model  for  2-MAA.  Volumes  of  placenta,  embryo,  and 
fluid  are  determined  by  the  physiological  pregnancy  model. 
Flows  between  compartments  (G)  are  the  same  as  blood  flow 
to  placenta  (Q).  Ce,  Cf  and  Cpla,  concentrations  (mmol/1)  of 
2-MAA  in  embryo,  extraembryonic  fluid  and  placenta,  re¬ 
spectively.  Pe,  Pf  and  Pp!a,  tissue:blood  partition  coefficients 
for  embryo,  extraembryonic  fluid  and  placenta,  respectively. 

2.4.  Alternative  model  hypotheses 

2.4.1.  pH  trapping ,  multi-compartment  model. 
Both  on  GD  11  and  13,  this  model  (not  shown 
here;  for  details  see  [5])  failed  outright;  the 
simulations  predicted  negligible  chemical  ac¬ 
cumulation  in  the  embryo  and  EAF  under  phys¬ 
iological  pH  conditions. 


A.  Active  Transport 


Pf 


B.  Reversible  Binding 


Pf 

Fig.  3.  Alternative  model  hypotheses.  (A)  Compartmental 
model  diagram  depicting  active  transport.  Blood  flow  be¬ 
tween  compartments  (Q)  is  replaced  for  the  embryo  and 
extraembryonic  fluid  by  compartment  specific  flow  parame¬ 
ters,  PA1,  PA2  and  PA4.  In  the  active  transport  version,  these 
flow  parameters  (PA  values)  established  asymmetrical  2- 
MAA  movement.  (B)  Compartmental  model  diagram  depict¬ 
ing  reversible  binding.  In  the  reversible  binding  description, 
chemical  transport  was  flow-limited  (Q  =  Q),  but  a  carrier 
molecule  sequestered  2-MAA  such  that  it  existed  in  ‘free’ 
and  ‘bound’  forms.  Cef  and  Cff,  concentrations  of  free  2- 
MAA  in  embryo  and  extraembryonic  fluid. 
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2 A. 2.  Active  transport ,  multi-compartment  model. 
On  either  GD  11  or  13,  this  version  (Fig.  3 A) 
successfully  simulated  2-MAA  dosimetry  in  all 
compartments  (Fig.  4A-F).  Flow  parameters 
(PA  values;  1/day)  for  both  days  were  PA1  = 
1.15,  PA2  =  0.63,  PA3  =  0.70,  and  PA4  -  0.30. 

2.4.3.  Reversible  binding,  multi-compartment 
model. 

In  this  modification  (Fig.  3B),  reversible  2-MAA 
binding  in  the  embryo  and  fluid  was  modeled  on 
GD  11  and  13  (Fig.  5A-F)  and  provided  reason¬ 
able  simulations  of  GD  11  and  13  data.  The 
binding  capacity  on  both  GD  11  and  13  was 
0.0008-0.008  mmol.  The  dissociation  constant 
was  0.0008  mmol/1  on  GD  11  and  0.003  mmol/1 
on  GD  13.  The  model  describing  reversible 
binding  generated  predictions  that  were  very 
similar  to  those  obtained  with  the  active  trans¬ 


port  model  (compare  in  particular  Fig.  4D-F 
with  Fig.  5D-F). 

Extrapolations  of  the  mouse  gestation  PBPK 
model  to  pregnant  rats  was  accomplished  by  the 
incorporation  of  data  regarding  the  physiology  of 
rat  pregnancy.  The  model  simulations  were  val¬ 
idated  with  biological  data  of  maternal  and 
embryo  PK  of  2-MAA  collected  on  GD  13  and 
15.  Rat  digits  are  maximally  susceptible  to  2-ME 
on  GD  13  [7].  During  the  rat  simulations  it 
became  apparent  that  the  fit  of  the  biological 
data  to  the  model  predictions  could  be  signifi¬ 
cantly  improved  by  dividing  the  maternal  com¬ 
partment  into  2  compartments.  One  consisted  of 
the  richly  perfused  tissues,  the  other  the  poorly 
perfused  tissues  of  the  maternal  body  (Fig.  6). 
When  the  mouse  simulations  were  repeated  with 
this  maternal  body  2-compartment  division,  the 
fit  of  the  simulations  was  noticeably  improved 


Active  Transport 


Fig.  4.  Evaluation  of  alternative  multi-compartment  models.  'Active  Transport  Model'  simulations  (solid  lines)  of  2-MAA  PK  data 
points  (±S.E.M.)  in  maternal  plasma,  embryo,  and  EAF  on  GD  11  (A-C)  when  2-ME  was  administered  bv  Ravage  (PO)  and  on 
GD  13  (D-F)  when  2-ME  was  injected  IV. 
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Reversible  Binding 


Fig.  5.  Evaluation  of  alternative  multi-compartment  models.  ‘Reversible  Binding  Model’  simulations  (solid  lines)  of  2-MAA  PK 
data  points  (±S.E.M.)  in  maternal  plasma,  embryo,  and  EAF  on  GD  11  (A-C)  when  2-ME  was  administered  by  gavage  (PO)  and 
on  GD  13  (D-F)  when  2-ME  was  injected  IV. 


2-METHOXYACETIC  ACID  MODEL 


from 

2-ME 


Fig.  6.  Revised  2-compartment  maternal  body  configuration. 
Division  into  separate  poorly  and  richly  perfused  tissue 
components  caused  significant  improvement  of  the  agreement 
between  model  simulations  and  the  biological  data  of  2-MAA 
disposition  in  mice  and  rats. 


(Fig.  7A-C).  The  simulations  of  2-MAA  disposi¬ 
tion  in  pregnant  rats  and  their  embryos  turned 
from  acceptable  to  very  satisfactory  (Fig.  7D-F) 
once  the  maternal  2-compartment  modification 
had  been  introduced  into  the  mathematical  equa¬ 
tions  (Blumenthal  et  al.,  in  preparation). 

The  next  step  in  model  development  was 
extrapolation  to  human  pregnancy.  A  physiologi¬ 
cal  model  of  human  pregnancy  (kindly  provided 
by  Drs.  Michelle  Andriot  and  Ellen  OTlaherty, 
University  of  Cincinnati)  was  coupled  to  the 
2-MAA  disposition  model  that  had  been  de¬ 
veloped  and  validated  in  the  2  rodent  species. 
The  following  biological  data  were  available  for 
inclusion  into  the  human  model:  tissue  growth 
characteristics  during  human  pregnancy;  blood 
flow  to  various  tissues  including  the  embryo 
during  pregnancy;  rates  of  oxidation  of  2-ME  to 
2-MAA  from  in  vitro  experiments;  and  the  2- 
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MAA  elimination  rate  constant  of  ~ 77  h  de¬ 
termined  in  humans  [8].  For  modeling  purposes, 
the  assumption  was  made  that  a  likely  route  of 
entry  of  2-ME  into  the  human  body  would  be  by 
inhalation. 

First,  a  6-h  in  vivo  inhalation  exposure  study  at 
the  present  ACGIH-recommended  threshold- 
limit  value  of  5  ppm  was  conducted  in  pregnant 
mice  on  GD  11.  This  regimen  caused  end-of- 
exposure  concentrations  of  2-MAA  in  maternal 
plasma  approaching  50  jjlM  and  embryo  as  well 
as  EAF  levels  exceeding  the  value  in  maternal 
plasma  as  is  characteristic  for  mice  on  GD  11 
(Fig.  8).  Simulated  inhalation  exposures  at  5 
ppm,  8  h/day,  5  days/week  over  3  consecutive 
weeks  with  typical  weekend  breaks  in  pregnant 
mice  (Fig.  9A),  rats  (Fig.  9B)  and  pregnant 
women  (Fig.  9C)  revealed  the  impact  of  the 
profound  differences  in  2-MAA  elimination  half- 
lives  on  the  accumulation  of  2-MAA  in  maternal 
plasma.  That  T  1/2  value  is  ~6  h  in  mice  [6]  and 
—24  h  in  rats  (Blumenthal  et  al.,  in  preparation). 
We  have  described  that  2-MAA  embryo 
dosimetry-teratogenicity  relationships  vary  at  dif¬ 
ferent  stages  of  mouse  gestation.  On  GD  8, 
maximal  concentrations  of  2-MAA  in  dam  and 
embryo  (Fig.  10A)  appear  to  determine  the 


5  ppm  (TLV)  Exposure 


Fig.  8.  2-ME  inhalation  exposure  of  mice  on  GD  11.  The 
animals  inhaled  5  ppm  2-ME  for  6  h.  Mice  were  removed 
from  the  inhalation  chamber  for  determination  of  2-MAA 
levels  in  plasma,  embryo  and  extraembryonic  fluids  at  2,  4, 
and  6  h  into  the  exposure  and  2  h  (8-h  time  point  in  the 
figure)  after  termination.  The  ordinate  shows  the  2-MAA 
levels  in  target  tissues  expressed  in  mmol/1  plasma  and  EAF 
or  mmol /kg  embryo. 


A.  5  ppm  2-ME  in  Pregnant  Mouse 
8  hr/day,  5  days/week,  3  weeks 


B.  5  ppm  2-ME  in  Pregnant  Rat 
8  hr/day,  5  days/week,  3  weeks 


C.  5  ppm  2-ME  in  Pregnant  Woman 
8  hr/day,  5  days/week,  3  weeks 


Fig.  9.  Simulations  of  the  PBPK  gestation  model  in  pregnant 
mice,  rats,  and  humans.  The  underlying  assumption  is  inhala¬ 
tion  exposure  to  2-ME  at  5  ppm  for  8  h/day  on  5  consecutive 
days /week  for  3  weeks.  Each  panel  (A-C)  illustrates  the 
impact  of  the  species-specific  elimination  half-life  of  2-MAA 
from  the  maternal  plasma,  which  is  an  excellent  surrogate  of 
embryo  exposure. 
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GESTATION  DAY  8 
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Fig.  10.  Concentration  vs.  time  profiles  of  2-MAA.  (A)  GD  8 
PK  of  2-MAA  in  maternal  plasma  (upper  panels)  and 
embryos  (center  panels).  These  values  are  related  to  the 
malformation  incidence  (exencephaly)  depicted  in  the  lower 
panels.  (B)  GD  11;  upper  panels  show  the  PK  (Cmax  and 
AUC  values)  in  pooled  mouse  embryos;  lower  panels  depict 
digit  malformation  incidence. 


incidence  of  exencephaly  [9].  In  contrast,  on  GD 
11  total  2-MAA  exposure  concentration  over 
time  (AUC)  seems  to  correlate  much  better  with 
digit  malformation  incidence  than  maximal  con¬ 
centration  of  2-MAA  does  (Fig.  10B).  In  con¬ 
junction  with  long  elimination  half-life  of  a 
developmental  toxicant,  as  is  the  case  with  2- 
MAA  in  humans,  this  chemical  specific  property 
will  lead  to  accumulation  of  the  toxicant  upon 
daily  repeated  or  continuous  exposure  to  2-ME. 
This  kind  of  pattern  could  apply  in  the  case  of 
occupational  exposure  to  2-ME.  Thus  exposure 
levels  that  appear  to  be  low  compared  to  those 
applied  in  experimental  animals  may  potentially 
cause  developmental  toxicity  as  a  result  of  ac¬ 
cumulation.  At  the  end  of  the  fifth  day  of 
exposure,  human  plasma  concentrations  reached 
—50  yuM  and  were  thus  comparable  to  those 
achieved  in  the  simulated  exposures  of  rats  and 
mice  after  8  h  (compare  Fig.  9A-C).  Our  large 
database  collected  in  pregnant  mice  indicates 
that  teratogenic  levels  are  reached  when  the 
maternal  plasma  levels  of  2-MAA  are  >1  mM 
[6].  Simulations  of  repeated  inhalation  exposure 
in  a  pregnant  woman  at  the  now  proposed,  much 
reduced  U.S.  OSHA  permissible  exposure  level 
of  0.1  ppm,  down  from  the  previous  25  ppm 
OSHA  standard  [1]  caused  accumulation  of  2- 
MAA  to  levels  of  the  order  of  1  //M  (Fig.  11). 
This  concentration  was  well  below  that  which 
causes  developmental  toxicity  in  laboratory  ani¬ 
mals. 

The  observations  summarized  here  show  that 
the  PBPK  gestation  model  allows  dramatic  quan¬ 
titative  improvement  of  the  database  that  could 
be  used  in  risk  assessment.  The  physiology  of 
human  pregnancy  is  built  into  the  model,  and  it 
will  therefore  be  possible  to  reduce  the  uncer¬ 
tainty  factor  to  3  to  account  for  differences  in 
pharmacodynamics  when  conducting  interspecies 
extrapolations  [10].  Since  the  mechanisms  of  the 
toxic  action  of  2-MAA  are  still  unknown,  this 
PBPK  model  remains  empirical.  The  data  shown 
here  offer  encouragement  that  the  PBPK  gesta¬ 
tion  model  approach,  which  used  2-MAA  as  a 
prototypical  developmental  toxicant  that  is  rel¬ 
evant  to  human  occupational  2-ME  exposure, 
has  the  potential  to  facilitate  more  realistic 
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0.1  ppm  2-ME  in  Pregnant  Woman 
8  hr/day,  5  days/week,  3  weeks 


Fig.  11.  Simulation  of  2-ME  inhalation  exposure  at  the 
OSHA-proposed,  much  reduced  permissible  level.  This  figure 
depicts  the  pattern  of  simulated  2-MAA  plasma  levels  in  a 
pregnant  woman  who  is  exposed  to  2-ME  at  0.1  ppm  for  8 
h/day  for  3  working  weeks  of  5  days  each. 

human  risk  assessments  for  the  developmental 
toxicity  of  2-ME  and  related  compounds.  The 
broader  applicability  to  other  chemicals  will 
require  careful  evaluation  and  validation  with 
other  developmental  toxicants. 
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Abstract 

The  benchmark  dose  (BMD)  concept  was  applied  to  246  prenatal-developmental  toxicity  (DT)  datasets  from 
government,  industry  and  commercial  laboratories.  Five  modeling  approaches  were  used,  2  generic  and  3  specific  to 
DT  models.  BMDs  for  both  quantal  and  continuous  data  were  compared  with  statistically  derived  no  observed 
adverse  effect  levels  (NOAELs)  to  determine  similarities.  Quantal  (Q)  endpoints  included  litter  responses  (e.g., 
one  or  more  dead  or  malformed  implants),  and  QBMDs  were  calculated  using  a  Q  Weibull  (QW)  model.  Two  types 
of  continuous  (C)  data  were  modeled,  the  proportion  of  implants  affected  per  litter,  and  the  change  in  fetal  weight 
(both  mean  and  distribution);  continuous  power  (CP)  and  DT  models  were  used  to  calculate  CBMDs.  QBMDs  for 
a  5%  change  in  response  (QBMD05)  were  6-fold  lower,  on  average,  than  the  corresponding  NOAEL.  CBMD()5s  on 
average  were  similar  to  the  corresponding  NOAELs,  and  CBMD05s  from  different  models  were  similar  to  each 
other.  Including  litter  size  but  not  threshold  improved  the  fit  of  the  DT  models.  For  fetal  weight  data,  specific  cutoff 
values  were  used  to  calculate  BMDs  that  were  similar  on  average  to  the  corresponding  NOAELs:  (1)  changes  from 
the  control  mean  (5%  of  the  mean,  25th  percentile  of  the  control  distribution,  or  a  decrease  of  0.5  standard 
deviation),  and  (2)  a  5  or  10%  decrease  in  the  proportion  of  fetuses  below  the  5th  or  10th  percentile,  respectively, 
of  the  control  distribution.  These  results  support  the  use  of  BMDs  as  providing  a  more  consistent  basis  for  risk 
assessment  than  do  NOAELs. 

Keywords:  Benchmark  dose;  Developmental  toxicity;  Risk  assessment 


1.  Introduction 

Reference  dose  (RfD)  or  reference  concen- 

*  Corresponding  author. 

1  The  views  expressed  in  this  paper  are  those  of  the  authors 
and  do  not  necessarily  reflect  the  views  or  policies  of  the  U.S. 
Environmental  Protection  Agency. 


tration  (RfC)  estimation  for  agents  that  cause 
developmental  toxicity  (DT)  has  been  based 
typically  on  the  determination  of  no  observed 
adverse  effect  levels  (NOAELs).  The  NOAEL 
identifies  the  largest  experimental  dose  that  does 
not  demonstrate  a  significant  adverse  response 
compared  to  a  control  group.  Uncertainty  factors 
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and  a  modifying  factor  are  applied  to  the 
NOAEL  to  estimate  the  chronic  RfD  as  well  as 
the  RfD  for  DT  (RfDirr)  [1].  NOAELs  are 
typically  derived  by  expert  evaluation  of  stan¬ 
dard  statistical  comparisons  and  biological  dose- 
response  considerations.  The  estimation  of 
statistically  derived  NOAELs  for  DT  has  been 
investigated  using  trend  tests  to  derive  a  no- 
statistical-significance-of-trend  (NOSTASOT) 
value  [2]  and  these  compare  favorably  with 
NOAELs  derived  using  the  standard  approach. 

The  NOAEL  approach  for  calculating  the  RfD 
has  been  criticized  in  several  ways  and  an  alter¬ 
native  to  the  NOAEL  proposed  by  Crump  [3]  is 
referred  to  as  the  benchmark  dose  (BMD)  ap¬ 
proach.  The  BMD  approach  uses  all  of  the 
experimental  data  to  fit  one  or  more  dose-re¬ 
sponse  curves.  The  BMD  is  defined  as  the 
statistical  lower  bound  on  a  dose  corresponding 
to  a  specified  level  of  risk  for  quantal  (Q) 
responses.  The  selected  level  of  risk  is  in  the 
lower  range  of  the  observed  data  (e.g.,  1,  5  or 
10%).  For  continuous  (C)  data,  a  level  of  effect 
(termed  the  benchmark  effect  -  BME)  must  be 
defined  as  an  adverse  change  from  a  control 
value  and  the  lower  bound  on  dose  corre¬ 
sponding  to  the  BME  is  the  BMD.  C  data  may 
also  be  transformed  to  Q  data  using  cutoff 
values,  with  BMDs  then  defined  as  above. 

To  determine  the  general  applicability  of  the 
BMD  approach,  several  models  were  applied  to 
both  Q  and  C  endpoints  from  a  large  number  of 
conventional  DT  studies.  BMDs  were  derived 
and  compared  with  statistically  derived  NOAELs 
[4-6]. 

2.  Methods 

A  database  containing  246  DT  studies  with  a 
total  of  1825  Q  endpoints  (dead  or  resorbed 
implants,  or  malformed  fetuses)  was  used  for  this 
investigation  [2].  Data  were  from  studies  con¬ 
ducted  in  rats,  mice  or  rabbits.  Two  types  of 
statistically  derived  NOAELs  were  calculated  for 
Q  endpoints:  (1)  a  QNOAEL  for  the  Q  measure 
of  response  (i.e.,  number  of  litters  with  one  or 
more  affected  fetuses  or  implants),  and  (2)  a 
CNOAEL  for  the  more  continuous  measure  of 
response  (i.e.,  proportion  of  fetuses  or  implants 


affected  per  litter).  The  data  from  each  study 
were  subdivided  into  data  subsets  for  a  maximum 
of  9  endpoints  or  combinations  of  endpoints 
(e.g.,  dead  and  resorbed,  malformed,  fetuses  with 
external,  visceral  or  skeletal  malformations,  and 
combinations  thereof).  BMDs  were  calculated 
for  the  same  endpoints  as  were  the  NOAELs 
(i.e.,  QBMD  and  CBMD,  respectively)  using  2 
generic  models,  the  Q  Weibull  (QW)  model  and 
the  continuous  power  (CP)  model  [4].  Maximum 
likelihood  estimates  (MLEs)  and  95%  lower 
bounds  for  dose  corresponding  to  3  levels  of 
additional  risk  (10,  5  and  1%)  were  calculated. 
As  an  example  of  the  notation  used,  the 
QMLEl()  or  QBMD1()  refers  to  the  values  de¬ 
rived  from  the  QW  model  for  a  10%  additional 
risk  of  an  affected  litter.  Similar  notations  are 
used  for  CMLEs  and  CBMDs  calculated  using 
the  CP  model.  Comparisons  of  the  Q  and  C 
MLEs  and  BMDs  were  made  with  the  corre¬ 
sponding  Q  and  C  NOAELs  and  lowest  ob¬ 
served  adverse  effect  levels  (LOAELs)  for  each 
end  point,  and  QBMD  and  CBMD  comparisons 
were  also  made. 

Three  additional  models  were  used  that  were 
specifically  designed  to  account  for  unique  fea¬ 
tures  of  data  from  DT  studies  [5].  The  3  DT 
models  were  applied  to  a  total  of  607  endpoints 
from  141  studies  showing  significant  dose-related 
effects.  These  models  were  termed  the  RVR 
model  [7],  the  LOG  model  [8],  and  the  NCTR 
model  [9].  Models  were  generalized  to  account 
for  the  correlations  among  observations  in  in¬ 
dividual  fetuses  or  implants  within  litters;  the 
potential  for  variables  other  than  dose,  such  as 
litter  size,  to  affect  the  probability  of  adverse 
outcome;  and  the  possibility  of  a  threshold  dose 
below  which  background  response  rates  are 
unaltered.  MLEs  and  BMDs  were  calculated  for 
the  probability  of  a  5%  additional  risk  above 
controls.  An  evaluation  of  model  fit  was  con¬ 
ducted  with  and  without  litter  size  as  a  covariable 
and  with  and  without  a  threshold  parameter,  x2 
statistics  were  used  to  assess  model  fit  to  the 
observed  dose-response  data.  The  variance  terms 
used  to  define  the  x2  statistic  accounted  for  the 
correlated  (6-binomial)  nature  of  the  observa¬ 
tions.  BMDs  from  the  DT  models  were  com¬ 
pared  with  statistically  derived  NOAELs,  and 
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BMDs  from  the  3  DT  models  were  also  com¬ 
pared  with  one  another. 

A  subset  of  the  database,  including  data  from 
173  studies,  was  used  for  the  analysis  of  fetal 
weight  [6].  Based  on  preliminary  evaluations  to 
determine  which  definitions  of  the  BME  gave 
BMDs  closest  to  the  NOAEL,  6  BMEs  for  fetal 
weight  were  defined.  These  were  (1)  a  reduction 
in  average  litter  weight  by  5%;  (2)  a  reduction  in 
average  litter  weight  to  the  25th  percentile;  (3)  a 
reduction  in  average  litter  weight  by  0.5  S.D.;  or 
(4)  by  2  S.E.M.;  (5)  a  5%  increase  in  the 
proportion  of  fetuses  weighing  less  than  the  5th 
percentile;  or  (6)  a  10%  increase  in  the  propor¬ 
tion  weighing  less  than  the  10th  percentile. 
BMDs  for  the  first  4  BMEs  were  calculated  using 
the  CP  model;  BMDs  for  the  last  2  BMEs  were 
calculated  using  the  LOG  model  which  consid¬ 
ered  litter  size  and  within-litter  correlations. 
BMD  estimates  were  compared  with  one  another 
and  with  the  corresponding  statistically  derived 
NOAELs  for  fetal  weight  data. 

3.  Results 

3.1.  Generic  models 

In  general,  the  QW  and  CP  models  used  to 
calculate  MLEs  and  BMDs  provided  good  fits  for 
the  dose-response  relationships  exhibited  by  the 
datasets.  Goodness  of  fit  tests  rejected  the  fit  of 


the  model  in  a  very  small  percentage  of  cases 
(1-4%),  and  nonconvergence  occurred  in  only 
4/1825  cases.  In  many  cases  of  poor  fit,  the 
dose-response  pattern  was  nonmonotonic,  with 
the  low  dose  having  a  lower  response  than 
controls  and  the  mid  and  high  doses  showing 
100%  response. 

Table  1  gives  selected  ratios  of  BMDs  to 
statistically  derived  NOAELs.  All  3  risk  levels  of 
the  QBMD  tended  to  be  less  than  the 
QNOAEL.  Of  the  3,  the  QBMD10  was  closest, 
on  average,  to  the  QNOAEL.  In  44%  of  cases, 
the  QBMD10s  were  within  a  factor  of  2  of  the 
corresponding  QNOAEL,  88%  were  within  a 
factor  of  5,  and  98%  were  within  a  factor  of  10. 
This  suggests  that  the  Q  measure  of  response  was 
relatively  insensitive,  and  that  QNOAELs 
tended  to  be  at  doses  consistent  with  a  10%  or 
greater  risk,  while  QLOAELs  were  about  5-7- 
fold  greater.  These  results  have  implications  for 
Q  data  of  all  types. 

For  the  proportional  data,  the  CNOAEL  and 
the  CBMD05  were  very  similar,  on  average. 
Ninety-five  percent  of  the  CBMD05  values  were 
within  a  factor  of  5  of  the  corresponding 

CNOAELs,  and  only  9  endpoints  had  CBMD05s 
more  than  10  times  larger  than  the  corresponding 
CNOAEL.  CBMD10s  in  92%  of  cases  were 
within  a  factor  of  5  of  the  corresponding 

CNOAELs,  but  tended  to  be  about  1.5  times 


Table  1 

Ratios  of  NOAELs  to  BMDs  for  DT  data 


Ratio 

Mean 

S.D. 

Median 

Generic  models 

QNOAEL/ QBMD  10 

2.9 

3.9 

2.0 

qnoael/qbmd03 

5.9 

8.4 

4.0 

QNOAEL/QBMDd1 

29 

44 

19 

cnoael/cbmd1() 

0.72 

0.44 

0.62 

cnoael/cbmd03 

1.2 

0.88 

0.96 

CNOAEL/CBMDm 

4.3 

4.5 

2.5 

DT  models 

cnoael/lbmd()3 

1.3 

1.4 

0.97 

qnoael/lbmd()3 

1.5 

2.4 

0.96 

nbmd03/lbmd()5 

0.96 

0.43 

0.96 

rbmd03/lbmd05 

1.1 

0.35 

1.0 

rbmd05/nbmd05 

1.1 

0.32 

1.1 

Q,  from  QW  model; 
Kodell  et  al.  [9];  R, 

C,  from  CP  model;  L,  LOG,  from  log-logistic  model  by  Kupper  et  al.  [8];  N,  NCTR,  from  NCTR  model  by 
RVR,  from  Rai  and  Van  Ryzin  model  [7]. 
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larger  than  the  CNOAELs.  CLOAELs  tended  to 
be  closest,  on  average,  to  the  CBMD10.  Dividing 
the  CLOAELs  by  10  (the  default  uncertainty 
factor  used  when  there  is  no  NOAEL)  resulted 
in  a  value  4-5  times  smaller  than  the  CBMD05, 
suggesting  that  a  10-fold  uncertainty  factor  is  too 
large  in  many  cases. 

The  QBMDs  were  almost  always  less  than  the 
corresponding  CBMDs  for  all  levels  of  risk.  At  a 
risk  level  of  10%,  the  QBMDs  were  2-3  times 
smaller,  on  average.  This  difference  was  attribut¬ 
able  to  2  factors:  (1)  QMLEs  tended  to  be  less 
than  the  corresponding  CMLEs  and  are  depen¬ 


dent  on  the  dose-response  pattern,  the  level  of 
risk,  the  number  of  fetuses  per  litter,  and  the 
background  rate  of  response;  and  (2)  the  confi¬ 
dence  intervals  for  Q  endpoints  tended  to  be 
wider,  resulting  in  a  lower  QBMD  for  a  given 
level  of  risk.  The  ratio  of  the  CMLE05/CBMD05 
in  90%  of  cases  was  1.1  to  2.7,  while  the 
QMLE05/QBMD05  ratio  was  1.6  to  10  in  90%  of 
cases.  The  greater  width  of  the  confidence  inter¬ 
vals  and  the  tendency  for  the  QMLE  to  be  less 
than  the  CMLE  led  to  a  difference  of  approxi¬ 
mately  a  factor  of  3  between  the  2  BMD  esti¬ 
mates  [4]. 


LITTER  BASED  BMEs  FETUS  BASED  BMEs 

Fig.  1.  Distribution  of  BMD/NOSTASOT  (statistically  derived  NOAEL)  ratios  for  6  definitions  of  a  BME  for  fetal  weight.  For 
each  BME  definition  the  box  contains  the  interquartile  range,  and  the  whiskers  extend  upwards  to  the  90th  percentile  and 
downwards  to  the  10th  percentile.  Data  points  outside  that  range  are  indicated  by  The  horizontal  line  in  each  box  represents  the 
median  value,  and  the  in  the  box  represents  the  mean  (from  Kavlock  et  al.  [6]). 
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3.2.  DT  models 

In  general,  all  3  DT  models  fit  the  data  well, 
with  the  LOG  model  providing  the  best  curve  fit, 
in  part  because  it  is  somewhat  more  flexible  in 
handling  the  influence  of  litter  size.  Inclusion  of 
litter  size  in  the  model  often  improved  the  fit, 
while  inclusion  of  a  threshold  dose  parameter  did 
not.  As  shown  in  Table  1,  the  ratios  of  the  Q  and 
C  NOAELs  to  the  LBMDs  were  approximately 
1,  on  average.  The  Q  and  C  NOAELs  were 
shown  to  be  similar  by  Faustman  et  al.  [2].  The 
ratios  of  the  BMDs  from  the  3  DT  models  were 
also  very  similar  to  each  other,  suggesting  that 
the  model  used  was  not  critical  as  long  as  it  fit 
the  data  well. 

3.3.  Modeling  fetal  weight  data 

In  general,  all  6  definitions  of  the  BME  used  in 
the  modeling  approaches  resulted  in  BMD/ 
NOAEL  (NOSTASOT)  ratios  near  unity  (see 
Fig.  1).  Mean  values  tended  to  be  higher  than 
median  values,  suggesting  that  some  BMDs  were 
considerably  higher  than  the  corresponding 
NOAEL.  Closer  examination  of  cases  where  the 
BMD  was  4-fold  or  more  greater  than  the 
NOAEL  suggested  2  factors  of  importance:  (1)  a 
shallow  dose-response  curve  making  statistical 
estimation  of  the  NOAEL  less  certain,  and/or 
(2)  wide  spacing  of  doses  in  the  study  resulting  in 
very  conservative  NOAELs.  Spearman  rank  cor¬ 
relations  showed  very  high  correlations  among 
the  4  litter-based  approaches  (r  >  0.98),  between 
the  2  Q  approaches  (r>0.99),  and  among  the 
litter-based  and  Q  approaches  (r>0.95).  BMD / 
NOAEL  ratios  were  not  as  well  correlated 
among  themselves  (r  =  0.58-0.90),  probably  due 
to  the  design  of  studies  and  placement  of  doses. 
Use  of  the  2  S.E.M.  BME  is  cautioned  against, 
since  increasing  sample  size  will  tend  to  decrease 
the  S.E.M.,  also  resulting  in  a  decrease  in  the 
BMD  based  on  the  S.E.M.  This  feature  is  incon¬ 
sistent  with  a  primary  advantage  of  the  BMD  to 
reward  better  experimental  design,  such  as  a 
larger  sample  size. 

4.  Conclusions 

The  studies  reported  here  demonstrate  that 


the  use  of  BMD  approaches  can  be  applied 
routinely  to  DT  data  for  both  Q  and  C  end¬ 
points.  In  fact,  BMD  analyses  of  DT  data  have 
been  considered  recently  by  EPA  for  derivation 
of  RfDs  in  2  cases,  1  for  methylmercury  based  on 
Q  neurological  endpoints  [10],  and  1  for  boron 
based  on  fetal  weight  reduction  (unpublished). 
When  proportional  values  are  used,  the  BMD05 
is  similar,  on  average,  to  the  NOAEL,  while  for 
Q  (yes /no)  responses,  the  BMD10  is  similar  to  or 
less  than  the  NOAEL.  Given  the  similarities  in 
the  ratios  of  the  BMDs  from  DT  models  used,  it 
appears  that  the  choice  of  the  model  is  not 
critical  as  long  as  it  fits  the  data  well.  Certain 
factors  known  to  affect  outcome  may  signifi¬ 
cantly  improve  the  fit  of  the  model,  e.g.,  litter 
size,  while  use  of  a  threshold  dose  parameter  did 
not  seem  to  improve  the  fit. 

In  modeling  C  data  such  as  fetal  weight,  it  is 
necessary  to  define  what  constitutes  an  adverse 
effect  (definition  of  the  BME),  in  this  case,  a 
given  weight  decrement  in  a  litter  or  fetus.  Since 
no  clear  definition  was  available,  we  chose  BMEs 
that  resulted  in  BMDs  near  the  statistically 
derived  NOAEL,  since  that  has  been  used  in  the 
past  to  establish  lack  of  an  adverse  effect.  From 
our  evaluations,  several  choices  of  the  BME  and 
use  of  the  CP  model  or  a  DT-specific  Q  model 
gave  satisfactory  results.  Theoretically,  there  are 
advantages  to  including  both  a  litter-based  and 
fetus-based  BMD  approach  due  to  the  possibility 
that  there  may  be  a  differential  distribution  in 
the  degree  to  which  fetuses  are  affected  (e.g.,  a 
shift  in  only  the  lower  weight  fetuses).  However, 
this  did  not  seem  to  be  the  case  in  the  database 
considered  here. 

One  of  the  primary  advantages  of  the  BMD 
approach  is  that  it  negates  having  to  repeat  a 
study  that  does  not  identify  a  NOAEL.  As  long 
as  a  study  can  define  a  LOAEL,  it  is  likely  to  be 
amenable  to  modeling  and  calculation  of  a  BMD. 
Kavlock  et  al.  [11]  and  Weller  et  al.  [12]  have 
demonstrated  that  study  designs  which  include 
doses  with  responses  in  the  range  of  the  BME 
will  improve  estimation  of  the  BMD.  Use  of  a 
BMD  approach  during  the  preliminary  dose-find¬ 
ing  phase  may  also  aid  in  the  design  of  studies  to 
obtain  the  most  useful  data  for  deriving  a  BMD. 
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Additional  efforts  are  needed  to  examine  the 
BMD  approach  when  defining  the  critical  effect 
in  a  study,  the  application  of  multivariate  models 
[13],  and  use  among  a  number  of  different  types 
of  endpoints  for  overall  evaluation  of  the  toxicity 
of  a  chemical.  Use  of  the  BMD  approach  is  only 
the  first  step  in  moving  toward  more  quantitative 
approaches  that  incorporate  mechanistic  infor¬ 
mation  and  provide  improved  prediction  of  ad¬ 
verse  effects  for  risk  assessment  [14]. 
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Abstract 

The  U.S.  EPA  first  signalled  its  intention  to  use  benchmark  dose  risk  techniques  in  1991.  Subsequently, 
publication  of  draft  Guidelines  for  the  Risk  Assessment  of  Reproductive  Toxicity  data  indicated  the  Agency’s 
intention  for  wide  use  of  the  technique.  In  developmental  toxicity  experiments,  a  number  of  factors  need  to  be 
considered  before  attempting  benchmark  dose  calculations,  as  compared  to  the  conventional  NOAEL  approach. 
For  example,  care  in  the  assessment  of  potential  litter  effects  (the  litter  is  the  unit  of  such  a  study)  on  the  data  and 
whether  the  data  are  continuous  (e.g.  foetal  body  weight)  or  discontinuous  (e.g.  specific  or  grouped  developmental 
defects  where  the  abnormality  is  present  or  absent).  Two  examples  of  the  use  of  the  benchmark  dose  approach  will 
be  made.  First,  in  the  analysis  of  foetal  body  weight,  where  a  benchmark  dose  estimate  for  an  agent  producing  a  5% 
decrease  in  mean  foetal  weight  may  be  calculated  from  a  shift  in  the  distribution  of  foetal  weights  between  groups, 
or  by  conversion  of  data  to  reflect  changes  in  the  incidence  of  ‘small’  pups  (i.e.  those  towards  the  extreme  of  the 
normal  range).  The  second  example  involves  studies  conducted  on  the  developmental  toxicity  of  a  triazole 
antifungal.  In  the  first  study,  the  agent  was  clearly  teratogenic,  but  a  NOAEL  was  not  established  and  thus 
necessitated  a  second  study.  Analysis  of  benchmark  dose  estimates  (e.g.  for  %  foetuses  malformed)  from  the  first 
study  indicated  that  these  were  not  significantly  changed  when  the  data  from  the  second  study  were  combined  (i.e. 
the  second  study  did  not  aid  the  risk  assessment).  The  benchmark  dose  approach  has  significant  scientific  and 
practical  advantages  over  the  conventional  NOAEL  methodology  in  risk  assessments  derived  from  developmental 
toxicity  studies. 

Keywords:  Benchmark  dose,  developmental  toxicity;  Benchmark  dose,  Triazole;  Foetal  weight 


1.  Introduction 

In  the  Risk  Assessment  guidelines  published 
by  the  EPA  for  Developmental  Toxicity  [1],  the 
Agency  proposed  for  the  first  time  that  they 
intended  to  use  a  Benchmark  Dose  Risk  Assess¬ 
ment  model  for  the  calculation  of  virtually  safe 
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doses,  in  comparison  to  the  traditional 
NO(A)EL/ safety  factor  approach. 

The  Agency  have  stated  that  “most  agents 
causing  developmental  toxicity  in  humans  alter 
development  at  doses  within  a  narrow  range  near 
the  lowest  maternally  toxic  dose.  Therefore,  for 
most  agents,  the  exposure  situations  of  concern 
will  be  those  that  are  potentially  near  the  mater¬ 
nally  toxic  dose  range.” 
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The  traditional  approach  to  risk  assessment  for 
developmental  toxicity  involves  the  establish¬ 
ment  of  a  NO(A)EL  (the  no  observed  (adverse) 
effect  level)  (i.e.  the  dose  level  at  and  below 
which  no  adverse  effects  are  seen)  and  then 
applying  a  safety  factor  (typically  100)  to  account 
for  species  differences  in  response  and  inter¬ 
individual  variability.  Several  limitations  have 
been  assigned  to  this  type  of  approach.  Firstly, 
the  use  of  a  NO(A)EL  focuses  on  this  dose  level 
and  does  not  incorporate  information  on  the 
shape  of  the  dose-response  curve  or  the  vari¬ 
ability  in  the  data.  Secondly,  the  NO(A)EL  will 
be  higher  with  decreasing  sample  size  (since 
variability  is  not  considered),  or  poor  study 
conduct.  Thirdly,  the  number  and  spacing  of  dose 
levels  in  a  study  influence  the  dose  level  chosen 
for  the  NO(A)EL. 

The  Agency  is  therefore  proposing  the  use  of 
an  additional  quantitative  approach  for  the  esti¬ 
mation  of  dose-response  relationships.  This  in¬ 
volves  the  estimation  of  a  ‘benchmark  dose’, 
based  on  all  the  data  in  the  study  and  which 
corresponds  to  a  small,  but  measurable  increase 
in  the  incidence  or  frequency  of  an  adverse 
developmental  effect  and  the  statistical  confi¬ 
dence  limits,  within  the  observed  range.  This  is 
typically  a  5  or  10%  increase  in  incidence  (ED05; 
ED10).  More  usually  the  benchmark  dose  is 
quoted  as  the  lower  confidence  limit  on  these 
increases  (i.e.  LED0i) 

The  ‘benchmark  dose’  offers  some  advantages 
over  the  traditional  approach  as  it  is  based  on  all 
the  data.  It  can  be  used  to  calculate  margins  of 
safety,  or  with  suitable  safety  factors,  be  used  to 
set  safe  levels  of  exposure.  In  some  cases  a 
benchmark  dose  can  be  determined  from  studies 
which  do  not  exhibit  a  clear  NO(A)EL.  How¬ 
ever,  the  use  of  dose-response  modelling  outside 
of  the  experimental  range  to  ‘predict’  risk  at 
doses  below  the  experimental  range  is  not  jus¬ 
tified  as  the  shape  of  the  dose-response  at  low 
doses  cannot  be  determined  by  results  from  a 
standard  animal  study  or  from  current  knowl¬ 
edge  of  the  mechanism  of  action  of  developmen¬ 
tal  toxicants. 

The  Central  Toxicology  Laboratory  (CTL) 
approach  has  been  to  develop  appropriate 


mathematical  models /methods  and  define  bench¬ 
mark  doses  using  our  own  datasets  for  develop¬ 
mental  toxicity  studies,  including  those  where 
repeat  studies  have  been  necessary.  Benchmark 
doses  were  then  compared  to  NOAELs  for  these 
datasets  to  investigate  the  practical  implications 
of  the  approach  including  advantages,  disadvan¬ 
tages  and  pitfalls.  Developmental  toxicity 
datasets  have  a  number  of  special  features; 
typically  they  are  large  with  24  litters,  270  foet¬ 
uses  per  group.  Thus,  there  can  be  both  litter  and 
foetal  effects.  A  normal  study  will  typically  cover 
multiple  endpoints  having  both  quantal  (i.e. 
presence  or  absence)  and  continuous  variables. 

The  objectives  of  the  current  paper  are  to 
explore  two  examples  of  datasets  illustrating  the 
utility  of  the  benchmark  dose  approach.  Firstly, 
in  the  analysis  of  foetal  body  weight,  this  con¬ 
tinuous  variable  requires  handling  of  the  data  in 
a  different  manner  from  quantal  variables  [2]. 
The  second  example  involves  two  studies  con¬ 
ducted  on  the  developmental  toxicity  of  a  tri¬ 
azole  antifungal.  In  the  first  study,  the  agent  was 
clearly  teratogenic,  but  a  NOAEL  was  not  un¬ 
equivocally  established  and  thus  necessitated  a 
second  study.  Analysis  of  benchmark  dose  esti¬ 
mates  (e.g.  for  percentage  of  foetuses  mal¬ 
formed)  from  the  first  study  indicated  that  these 
were  not  significantly  changed  when  the  data 
from  the  second  study  were  combined  (i.e.  the 
second  study  did  not  aid  the  risk  assessment). 

2.  Example  1 

The  reduction  in  foetal  weight  endpoint  was 
considered  appropriate  as  this  provides  an  objec¬ 
tive,  sensitive  indicator  of  foetal  toxicity,  unlike 
the  various  other  indicators  of  reduced  ossifica¬ 
tion  which  can  depend  on  the  observer.  There 
was  a  need  for  a  model  of  foetal  weight  as  a 
function  of  dose.  This  model  should  consider 
factors  other  than  dose  which  may  impact  on 
foetal  weight  including  litter  size,  size  and  weight 
of  dam  and  post-implantation  loss. 

Risk  assessment  for  a  continuous  endpoint  is 
more  complex  than  simple  quantal  changes.  A 
biologically  significant  manifestation  of  a  reduc- 
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tion  in  mean  foetal  weight  can  be  considered  to 
be  an  increase  in  the  number  of  foetuses  which 
are  so  small  that  post-natal  survival,  or  develop¬ 
ment  is  impaired.  A  small  foetus  may  then  be 
defined  on  the  basis  of  a  critical  weight  below 
which  development  or  survival  may  be  impaired. 
Notionally,  we  have  taken  this  weight  to  be  2 
S.D.s  below  the  mean  foetal  weight  of  the  con¬ 
trol  population.  The  number  of  small  foetuses 
can  then  be  estimated  from  the  distribution 
function  using  commercially  available  computer 
programs  (TERAMOD,  TERALOG  and 
TER  AVAN  [2]).  For  all  dose  groups  so  far 
studied,  the  foetal  weights  are  normally  distribut¬ 
ed  about  the  mean.  Using  a  series  of  control 
datasets,  an  investigation  of  relationship  of  litter 
size  to  foetal  weight  indicated  that  there  was  a 
linear  relationship,  within  the  normal  limits  of 
litter  size,  for  the  APfSD  (Wistar-derived)  rat 
(Fig.  1).  Analysis  of  a  dataset  from  an  agent 
which  did  induce  a  decrease  in  foetal  weight 
indicated  a  good  dose  response  relationship  (Fig. 
2).  This  agent  had  also  been  the  subject  of  a 
follow  up  study  which  also  indicated,  through  the 
choice  of  a  different  dose  level  in  the  second 
study,  that  the  data  from  the  two  studies  were 
comparable  (Fig.  2)  and  aided  the  assessment  of 
the  dose  response  relationship. 

A  benchmark  dose  can  be  calculated  based  on 
two  alternative  approaches.  A  BMD  may  be 
calculated  based  on  a  5%  reduction  in  foetal 
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Fig.  1.  Effect  of  litter  size  on  foetal  weight  for  control 
datasets  for  the  APfSD  (Wistar-derived)  rat.  The  solid  line 
represents  the  regression  line  with  the  dotted  lines  the 
confidence  limits. 
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Fig.  2.  Dose  relationship  for  the  effect  of  treatment  with  an 
agrochemical  on  foetal  weight.  The  value  shown  in  bold 
(mean  ±  S.D.)  is  for  an  additional  dose  level  conducted  on  a 
subsequent  study. 

weight  using  the  function  of  the  distribution 
curves  (Fig.  3).  Alternatively,  it  is  possible  to 
determine  the  proportion  of  small  foetuses  from 
the  distribution  curves  and  treat  the  data  as 
discontinuous  and  thereby  calculate  the  BMD 
based  on  a  5%  increase  in  the  number  of  small 
foetuses  (Fig.  4).  Either  method  of  calculation 
yielded  very  similar  results  with  the  LED05  for 
foetal  weight  reduction  of  89  mg  /kg  /day  and  a 
value  of  82  mg  /kg  /day  for  the  increase  in  the 
proportion  of  small  foetuses,  compared  with  a 
NOAEL  of  20  mg  /kg  /day. 

It  can  be  concluded  that  BMD  methodology 
can  be  applied  to  continuous  data  such  as  foetal 
weight  and  that  this  may  be  analysed  using 
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Foetal  Weight  (g) 

Fig.  3.  Frequency  distribution  curves  for  foetal  weight  from  a 
control  and  a  group  treated  with  an  agrochemical.  The 
hatched  area  represents  the  frequency  (or  number)  of  foet¬ 
uses  with  a  foetal  body  weight  less  than  2  S.D.s  of  the  control 
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Fig.  4.  Representation  of  benchmark  dose  calculation 
(LED05)  based  on  the  number  of  small  foetuses  from  the 
distribution  indicated  in  Fig.  3. 
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ICIA0282:  Production  of  Cleft  Palate 
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Fig.  5.  Dose  response  relationship  for  the  incidence  of  cleft 
palate  from  two  studies  conducted  with  the  triazole  antifung¬ 
al  ICIA02S2. 


standard  least  squares  regression  models.  In 
addition,  litter  size  has  a  significant  and  con¬ 
sistent  effect  on  mean  foetal  weight.  In  order  to 
define  a  BMD,  an  appropriate  degree  of  change 
must  be  selected,  for  example  a  5%  reduction  in 
mean  foetal  weight,  based  on  the  smallest 
measurable  and  toxicologically  significant 
change.  The  methods  proposed  generated  BMDs 
which  are  conservative  and  comparable  with 
NOAELs. 


3.  Example  2 

This  example  illustrates  the  practical  applica¬ 
tion  of  the  BMD  approach  with  a  teratogen.  The 
triazole  antifungal  ICIA02821  induced  a  wide 
range  of  major  head  defects  in  a  standard  rabbit 
developmental  toxicity  study,  including  missing 
interparietal  bones  and  cleft  palate.  Dose  levels 
chosen  for  the  initial  study  were  0,  15,  75,  175  or 
250  mg/kg/day.  For  the  induction  of  cleft  palate, 
a  good  dose  response  relationship  was  obtained, 
with  a  single  incidence  (not  statistically  signifi¬ 
cant)  at  the  lowest  dose  level  tested.  Such  a 
result  indicated  that  a  NOAEL  could  not  be 
unequivocally  ascribed  and  therefore  a  repeat 
study  was  initiated  at  dose  levels  of  0,  2,  7,  12  or 


1  The  Editor  has  accepted  the  use  of  data  for  illustrative 
purposes  to  indicate  how  the  bencjmarknose  technique  may 
be  applied. 


175  mg/kg/day.  This  study  indicated  that  the 
cleft  palate  defect  was  reproducible  at  175  mg/ 
kg/day  and  established  a  NOAEL  (Fig.  5). 
Examination  of  the  data  from  the  first  and 
second  studies  using  BMD  techniques  indicated 
that  although  a  NOAEL  had  been  determined, 
the  BMD  for  both  studies  was  almost  identical  to 
the  first  (Fig.  6,  Table  1).  That  is,  the  second 
study  had  determined  a  NOAEL,  but  had  done 
little  else,  in  dose  response  terms.  Thus,  if  the 
BMD  was  acceptable  to  all  regulatory  au¬ 
thorities,  then  the  second  study  would  not  have 
been  necessary  with  the  savings  in  time,  cost  and 
animal  use.  Moreover,  an  examination  of  the 

ICIA0282  -  typical  dose  response 


Any  major  head  defect  or  death 


Dose  (mg/kg/d) 

Fig.  6.  Typical  dose  response  relationship  noted  for  de¬ 
velopmental  toxicity  induced  by  ICIA0282.  The  example 
given  is  for  any  head  defect.  Dotted  lines  indicate  ED()^/ 
LED05  based  on  the  modelled  data. 
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Table  1 

ICIA0282  developmental  toxicity  in  the  rabbit:  comparison  of  benchmarks  doses  and  NOAELs 


ED  05 

mg/kg/day) 

LED  05 
(mg/kg/day) 

NOAEL/LOEL 
(mg/kg/ day)3 

Foetal  death 

77 

31 

75/175 

Major  skeletal  defect 

79 

30 

75/175 

Major  external  defect 

77 

28 

75/175 

Any  major  defect 

83 

37 

75/175 

Major  head  defect 

85 

40 

75/175 

Any  head  defect 

60 

40 

15/75 

a  NOAEL  based  on  Fishers  exact  test  (P<0.05). 


Dose  (mg/kg/d) 


Fig.  7.  Dose  response  relationship  for  the  incidence  of  a 
number  of  indices  of  developmental  toxicity  from  two  studies 
conducted  with  the  triazole  antifungal  ICIA0282. 

BMD  for  other  endpoints  on  the  studies  illus¬ 
trated  the  ‘classic’  dose  response  curves  for  a 
teratogen  (Fig.  7).  That  is  different  dose  re¬ 
sponse  relationships  (and  hence  BMDs)  may  be 
derived  depending  on  which  aspects  of  develop¬ 
mental  toxicity  are  modelled  with  clear  differ¬ 
ences  obtained  when  data  for  any  specific  foetal 
head  defect  are  compared  to  those  obtained  for 
malformation  or  death.  This  example  typifies  the 
overlapping  dose  response  relationships  for  an 
agent  of  this  type  and  how  choice  of  dose  levels 
can  mask  certain  developmental  effects. 

4.  Overall  conclusions  on  the  advantages  of  the 
benchmark  dose  methodology 

A  number  of  clear  conclusions  can  be  drawn 
on  the  utility  of  the  benchmark  dose  approach 
even  from  the  limited  numbers  of  datasets  pre¬ 


sented  in  this  paper.  These  may  be  summarised 
as: 

1.  Benchmark  doses  (BMDs)  are  a  practical 
alternative  to  NOAELs  for  most  developmental 
toxicity  datasets,  although  care  needs  to  be  taken 
with  those  datasets  exhibiting  a  ‘hockey  stick- 
type’  dose  response  and  where  very  low  inci¬ 
dence  observations  are  being  modelled. 

2.  BMDs  use  data  from  all  dose  levels  em¬ 
ployed  on  a  study  and  therefore  are  a  better 
reflection  of  the  whole  of  the  dataset. 

3.  BMDs  are  values  that  are  within  the  ex¬ 
perimental  range  of  the  study. 

4.  BMDs  are  less  sensitive  to  choice  of  dose 
levels  than  the  NOAEL. 

5.  Use  of  BMD  techniques  may  remove  the 
need  for  the  repeat  of  some  developmental 
toxicity  studies. 

6.  A  BMD  calculated  on  the  basis  of  an  LED05 
was  usually  comparable  with  NOAEL. 

7.  The  BMD  and  the  NOAEL  may  be  used  to 
express  ‘potency’,  or  to  derive  safe  levels  for 
human  exposure,  but  regulators  may  apply  dif¬ 
ferent  safety  factors. 

8.  The  appropriate  use  of  BMD  techniques  in 
the  regulatory  arena  should  reward  good  ex¬ 
perimentation. 
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Abstract 

In  vivo  ESR  measurements  were  carried  out  to  estimate  free  radical  reactions  in  living  mice  using  nitroxyl 
radicals  as  probes.  The  ESR  signal  of  nitroxyl  radical  which  was  intravenously  or  intramuscularly  injected  to  living 
female  ddY  mice  decreased  gradually  by  reducing  to  the  corresponding  hydroxylamine.  The  reduction  rate  was 
enhanced  by  oxidative  stress,  and  pre-treatment  of  antioxidants  suppressed  the  enhancement  of  signal  decay.  Oral 
administration  of  carbon  tetrachloride  enhanced  signal  decay  in  upper  abdomen  but  not  in  thorax.  These  results 
indicated  that  free  radicals,  which  can  reduce  nitroxyl  radical,  were  produced  in  the  upper  abdomen  by  oral 
administration  of  carbon  tetrachloride. 

Keywords:  ESR;  Free  radical;  Oxidative  damage;  Active  oxygens;  Carbon  tetrachloride 


1.  Introduction 

Free  radicals  such  as  active  oxygen  species  and 
nitric  oxide  are  believed  to  be  highly  essential 
and  functional  compounds  in  various  biological 
systems  and  toxicological  phenomena,  and 
numerous  investigations  have  been  made  to 
detect  active  oxygen  species  and  to  clarify  their 
role  in  biological  phenomena.  However,  most 
reports  were  of  in  vitro  experiments  and  few  of 
in  vivo  investigations.  Recently,  a  low-frequent 
ESR  spectroscopy  has  been  developed  and  en¬ 
abled  non-invasive  in  vivo  measurement  of  radi¬ 
cals  in  whole  animals  [1].  Despite  the  great 


*  Corresponding  author. 


possibility,  ESR  measurement  of  in  vivo  radical 
generation  in  living  animals  has  rarely  been 
reported  because  of  poor  sensitivity  of  the  in 
vivo  ESR  spectrometer.  ESR  signals  of  nitroxyl 
radicals  are  susceptible  to  oxygen  concentration, 
to  active  oxygens,  and  to  biological  redox  sys¬ 
tems.  This  indicates  that  a  combination  of  in  vivo 
ESR  spectrometer  with  nitroxyl  radicals  as 
probes  may  provide  valuable  information  about 
biological  function  of  free  radical  reaction,  in¬ 
cluding  generation  of  active  oxygens  and  activity 
of  redox  systems.  We  have  studied  the  in  vivo 
free  radical  reactions  using  the  nitroxyl  radicals 
which  have  been  administered  intravenously  [2- 
5],  intramuscularly  [3],  intraperitoneally  [6],  and 
transtracheally  to  mice  [7,8].  The  results  were 
reduction  of  nitroxyl  radical  and  the  revelation 
that  the  rate  of  reduction  should  depend  on 
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physiological  and  pathological  conditions  such  as 
aging  and  oxidative  stress.  In  the  present  paper, 
we  also  applied  in  vivo  ESR  measurements  to 
carbon  tetrachloride  induced  injury  of  living  mice 
to  estimate  in  vivo  free  radical  reactions  using 
nitroxyl  radicals  as  probes. 


2.  Materials  and  methods 

3  -  carbamoyl  -  2, 2 , 5, 5  -  tetrame  thylpyrrolidine  - 1  - 
oxyl  (carbamoyl-PROXYL)  was  purchased  from 
Aldrich  Chemical  Co.  and  was  dissolved  in 
isotonic  solution.  Female  ddY  mice  (3-4  weeks 
old,  15-20  g  body  weight)  were  used  throughout 
this  study.  Mice  were  anesthetized  by  in¬ 
tramuscular  or  intraperitoneal  injection  of  pen¬ 
tobarbital  (50  mg/kg)  and  fixed  on  a  hand-made 
Teflon  holder. 

Hypo-  and  hyper-oxia  experiments  were  per¬ 
formed  by  exposing  mice  to  an  atmosphere  of 
N2-02  mixture  (12%,  20%  and  80%  02  in  N,) 
for  45  min  before  ESR  measurement.  The  spin- 
probe  was  intravenously  administered,  and  the 
ESR  spectrum  was  observed  under  the  above 
atmosphere.  Ischemia-reperfusion  of  mouse’s 
thigh  was  carried  out  by  modifying  the  method  of 
Oyanagui  et  al.  [9].  Occlusion  was  done  by  tying 
the  base  of  the  femoral  muscle  with  a  thread  for 
20  min,  and  followed  by  reperfusion.  Spin-probe 
was  administered  to  femoral  muscle  of  mice  1 
min  before  reperfusion.  Carbon  tetrachloride 
was  suspended  in  1%  of  carboxy  methyl  cellulose 
solution,  and  one-third  of  LD50  of  carbon  tetra¬ 
chloride  (3.3  g/kg  body  weight)  was  orally  ad¬ 
ministered  to  mice.  After  administration  of  spin- 
probe  intravenously,  the  ESR  spectrum  was 
measured  at  various  periods  after  the  administra¬ 
tion. 

ESR  spectra  at  different  domains  from  head  to 
tail  were  obtained  with  an  in  vivo  ESR  spec¬ 
trometer  (JEOL,  JES-RE-1L  or  -3L).  The  micro- 
wave  frequency  was  1. 1-1.3  GHz  and  the  power 
was  1. 0-5.0  mW.  The  amplitude  of  the  100  kHz 
field  modulation  was  0.2  mT.  The  external  mag¬ 
netic  field  was  swept  at  a  scan  rate  of  5  mT/min. 


3.  Results  and  discussion 

Fig.  la  shows  typical  ESR  spectra  from  the 
upper  abdomen  of  a  mouse  with  carbamoyl- 
PROXYL  administered  into  the  tail  vein.  Three 
sharp  lines  were  observed  with  regular  noise  due 
to  respiration.  The  hyperfine  structure  and  the 
peak  height  ratios  of  carbamoyl-PROXYL  co¬ 
incided  with  those  of  the  probe  dissolved  in 
saline  at  a  concentration  of  less  than  10  mM, 
suggesting  that  the  spin-probe  should  exist  as  a 
free  monomer  in  veins  at  the  hepatic  domain. 
Quite  similar  spectra  were  also  observed  at  head, 
chest,  and  lower  abdomen  after  intravenous 
administration. 

The  ESR  signal  of  nitroxyl  radicals  decreased 
gradually  in  living  mice.  Fig.  lb  shows  a 
semilogarithmic  plot  of  the  peak  heights  in  the 
upper  abdomen  after  intravenous  administration 
of  carbamoyl-PROXYL.  The  plot  was  a  straight 
line  till  at  least  10  min,  indicating  that  signal 
decay  after  i.v.  injection  should  obey  first  order 
kinetics. 

Table  1  demonstrates  decay  constants  of  car¬ 
bamoyl-PROXYL  at  the  head  and  abdomen  of 
mice  that  were  exposed  to  different  oxygen 
concentrations  [4].  The  decay  constant  under 
12%  oxygen  was  significantly  larger  than  that 
under  20%  oxygen  at  both  domains.  We  previ¬ 
ously  reported  that  nitroxyl  radical  loses  its 
paramagnetism  more  rapidly  by  incubating  with 
microsomes  under  hypoxic  condition  [10,11].  A 
hypoxic  condition  may  also  favour  reduction  of 
nitroxyl  radicals  in  living  mice.  The  decay  con¬ 
stant  of  carbamoyl-PROXYL  in  the  abdomen 
under  80%  oxygen  was  significantly  greater  than 
that  under  20%  oxygen  (P  <  0.001).  Active  oxy¬ 
gen  species  such  as  02“,  -OH,  and  H202  are 
reported  to  be  generated  in  the  liver  under 
hyperoxia  [12],  and  the  nitroxyl  radical  loses  its 
paramagnetism  by  interaction  with  active  oxygen 
species  [13].  In  fact,  the  pre-load  of  antioxidants 
such  as  Trolox,  uric  acid,  and  glutathione  re¬ 
tarded  the  enhancement  of  signal  decay  under 
hyperoxia  (Table  2),  and  their  retardations 
corresponded  to  those  estimated  with  TBA-re- 
active  substances  [5].  The  i.p.  administration  of 
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a)  ESR  Spectrum 


b)  Decay  Curve 


Fig.  1.  ESR  spectrum  and  signal  decay  curve  of  carbamoyl-PROXYL  in  the  upper  abdomen  of  a  mouse  after  i.v.  administration, 
(a)  A  solution  of  carbamoyl-PROXYL  (280  mM,  50  /il)  was  injected  into  a  tail  vein  of  an  anesthetized  female  ddY  mouse  and  the 
ESR  spectrum  in  the  upper  abdomen  was  observed  with  an  ESR  spectrometer  as  described  in  the  Materials  and  methods.  Arrow 
indicates  the  direction  and  amplitude  (1.0  mT)  of  external  magnetic  field,  (b)  A  peak  height  /*(  +  l)  of  triplet  signals  was  plotted 
against  time  after  injection. 


Table  1 

Decay  constant  of  carbamoyl-PROXYL  under  various  02 
concentration  in  whole  mice  (per  min)  [4] 


02  Concentration 

Abdomen 

Head 

12% 

0.119  ±0.011a 

0.103  ±  0.008b 

20% 

0.095  ±  0.015ac 

0.073  ±  0.005 b 

80% 

0.147  ±0.019c 

0.071  ±  0.007 

Decay  constants  are  presented  as  mean  ±  S.E.  over  5  or  6 
experiments. 

a  bcThe  difference  between  two  groups  is  significant  with 
P  <  0.05,  P<0.05,  and  E<0.01,  respectively. 

ascorbic  acid  at  a  dose  of  10  mg /kg  body  weight 
did  not  show  any  effect  in  vivo,  although  it  can 
reduce  nitroxyl  radical  quickly  in  vitro. 

Ischemia-reperfusion  also  enhanced  the  in  vivo 
signal  decay  [3].  Spin-probe  was  first  injected 
into  the  left  thigh  and  ESR  spectra  were  mea¬ 


sured  till  any  signal  became  undetectable.  Then 
the  same  amount  of  the  probe  was  injected  into 
the  right  thigh  with  and  without  prior  treatment 
of  ischemia-reperfusion.  Again,  the  clearance 
constant  of  the  right  thigh  was  measured,  and  the 
ratio  of  the  clearance  constant  of  the  right  thigh 
to  those  of  the  left  one  was  used  to  estimate  the 
effect  of  ischemia-reperfusion  on  the  radical 
reduction.  The  ratio  in  the  group  treated  with 
ischemia-reperfusion  (0.79)  was  significantly 
larger  than  that  without  ischemia-reperfusion 
(1.54),  and  the  increment  of  the  ratio  was  in¬ 
hibited  by  the  treatment  of  superoxide  dismutase 
(SOD)  or  allopurinol,  suggesting  that  generation 
of  02~  contributes  to  the  signal  reduction  by 
ischemia-reperfusion  injury  of  mouse  thigh. 

Oral  administration  of  carbon  tetrachloride 
also  enhanced  the  signal  decay  of  nitroxyl  radical 
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Table  2 


Effect  of  various  antioxidants  on  decay  constants  for  carbamoyl-PROXYL  in  abdomen  under  normoxia  and  hyperoxia  [5] 


Dose  (mg /kg) 

20%  O, 

80%  O. 

Control  1 

0.102  ±0.012a 

0.138  ±0.014hd 

Control  2 

0.105  ±0.015 

0.132  ±0.012" 

Trolox 

1 

0.106  ±0.010 

0.114  ±  0.01 5C 

Uric  acid 

10 

0.109  ±0.011 

0.104  ±0.021h 

Glutathione 

10 

0.115  ±0.009a 

0.109  ±  0.0 14d 

Ascorbic  acid 

10 

0.105  ±0.016 

0.135  ±0.008 

Decay  constants  are  presented  as  mean  ±  S.E.  over  5  or  6  experiments.  Mice  in  control  groups  1  and  2  were  administered  with 
vehicles  of  0.2  ml  of  saline  and  saline  containing  1.4%  ethanol,  respectively. 

a.b.c.djhe  difference  between  two  groups  is  significant  with  P <0.1,  P<0.1,  .PC 0.01,  and  P< 0.005,  respectively. 


at  the  upper  abdomen  of  mice  but  not  at  the 
thorax.  This  enhancement  was  predominant  30 
min  after  administration.  These  results  indicates 
that  the  oral  administration  of  carbon  tetra¬ 
chloride  generates  some  free  radical  species 
which  have  the  capability  to  reduce  nitroxyl 
radical. 

In  conclusion,  we  have  demonstrated  that  in 
vivo  ESR  spectroscopy  with  nitroxyl  radical  as  a 
probe  makes  it  possible  to  estimate  free  radical 
reactions  in  living  animal  non-invasively,  since 
the  nitroxyl  radicals  are  susceptible  to  both 
biological  redox  state  and  active  oxygen  species. 
It  was  found  that  the  in  vivo  signal  decay  of 
nitroxyl  radicals  is  influenced  by  physiological 
and  pathological  phenomena  such  as  inspired 
oxygen  concentration,  ischemia-reperfusion  in¬ 
jury,  and  oral  administration  of  carbon  tetra¬ 
chloride.  The  present  paper  strongly  suggests 
that  in  vivo  ESR  measurement  with  nitroxyl 
radical  as  a  probe  should  be  a  very  useful 
technique  to  estimate  the  influence  of  antioxid¬ 
ants  on  biological  radical  reactions  in  the  living 
body. 
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Abstract 

The  recent  development  of  ‘soft’  ionization-desorption  methods  has  lead  to  a  breakthrough  for  the  mass 
spectrometric  analysis  of  biomacromolecules  such  as  proteins  and  nucleic  acids.  In  particular,  the  feasibility  of 
electrospray-ionization  mass  spectrometry  (ESI-MS)  for  the  direct  characterization  of  non-covalent  supramolecular 
complexes  is  opening  new  analytical  perspectives.  Examples  hitherto  analyzed  by  ESI-MS  include  enzyme-substrate 
and  -inhibitor  complexes,  homo-  and  heterodimers /trimers  of  leucine  zipper  polypeptides,  and  several  other  DNA- 
and  RNA-binding  proteins.  Furthermore,  the  characterization  of  double-stranded  and  higher-order  oligo-  and 
polynucleotide  complexes  by  negative-ion  ESI  has  been  demonstrated.  Ions  specific  of  non-covalent  protein  and 
oligonucleotide  complexes  can  be  selectively  dissociated  by  changing  the  solution  conditions  and  by  increasing  the 
desolvation  potential.  These  results  form  the  basis  for  the  molecular  characterization  of  protein-nucleotide 
interactions,  thus  complementing  protein-chemical  approaches,  and  other  methods  of  structure  determination. 

Keywords:  Supramolecular  protein  complexes;  Electrospray-ionization  mass  spectrometry;  Leucine  zipper  poly¬ 
peptides;  Double-stranded  oligonucleotides;  Protein-nucleotide  interactions 


1.  Introduction 

The  direct  mass  spectrometric  analysis  of  bio¬ 
macromolecules  has  experienced  a  breakthrough 
in  recent  years  by  the  development  of  efficient 
‘soft’  desorption  ionization  methods  such  as  fast 
atom  bombardment  (FABMS),  252-Cf-plasma 
desorption  (PDMS),  and  particularly,  electro¬ 
spray-ionization  (ESI-MS)  and  matrix-assisted 


*  Corresponding  author. 


laser  desorption-ionization  (MALDI-MS)  [1]. 
Intact  biopolymer  molecular  ions  have  been 
obtained  most  successfully  by  ESI-  and  MALDI- 
MS  (up  to  several  100  kDa  for  proteins)  [2,3].  In 
combination  with  specific  chemical  or  mass  spec¬ 
trometric  fragmentation,  these  methods  have 
found  already  broad  application  to  primary 
structure  characterization  such  as  sequence  de¬ 
terminations  and  covalent  post-translational 
structure  modifications  [4].  In  contrast  to  MAL¬ 
DI-MS  which  produces  essentially  denatured 
protein  molecular  ions,  multiple  charged  molecu¬ 
lar  ion  series  and  distributions  of  ‘native’  protein 


0378-4274/ 95/ $09.50  ©  1995  Elsevier  Science  Ireland  Ltd.  All  rights  reserved 
SSD1  0378-4274(95)  03  5  02 -C 


568 


M.  Przybylski  et  al.  i  Toxicology  Letters  82183  (1995)  567-575 


states  in  solution  are  obtained  by  ESI-MS  (e.g. 
[M  +  «H]'!  +  ),  and  have  been  shown  to  provide 
information  about  solution  conformation  and 
tertiary  structures  [2,5].  Moreover,  the  recently 
discovered  feasibility  of  ESI-MS  in  the  direct 
analysis  of  intact  supramolecular  complexes  is 
leading  to  new  analytical  perspectives,  particu¬ 
larly  the  study  of  non-covalent  protein  interac¬ 
tions  [5,6]. 

A  number  of  specific  non-covalent  complexes 
of  biopolymers  have  been  analyzed  by  ESI-MS 
already,  such  as  enzyme-substrate  or  -inhibitor 
complexes,  protein  quarternary  structures  and 
double-stranded  oligonucleotides  [6-11].  These 
successful  initial  model  studies  have  prompted 
our  interest  and  provide  the  basis  for  a  sys¬ 
tematic  evaluation  of  analytical  preconditions 
and  applications  of  the  ESI-method  to  the 
characterization  of  protein-polynucleotide  inter¬ 
actions.  In  this  article,  recent  studies  in  our 
laboratory  on  (1)  leucine  zipper  polypeptides 
and  other  DNA-  and  RNA-binding  proteins,  and 
(2)  protein-  and  nucleotide-interactions  of  the 
elongation  factor-Tu  (EF-Tu)  from  T .  ther- 
mophilus  are  summarized.  The  current  results 
indicate  ESI-MS  as  an  efficient  tool  for  the  direct 
identification  of  protein-nucleotide  interactions 
at  the  molecular  level,  hence  extending  and 
complementing  chemical  and  spectroscopic 
methods  for  their  structural  characterization. 

2.  Results  and  discussion 

2.1.  Macromolecular  ion  formation  and 
preconditions  for  analysis  of  non-covalent 
protein  complexes  by  ESI-MS 

First  successful  analyses  of  non-covalent  com¬ 
plexes  by  ESI-MS  have  led  to  an  increasing 
number  of  model  studies,  and  applications  to 


supramolecular  biopolymer  structures  as  well  as 
synthetic  self-assembly  systems  [5,12].  Further¬ 
more,  this  unexpected  feature  of  the  electrospray 
method  has  stimulated  the  detailed  evaluation  of 
the  ion  formation  mechanism(s)  by  field-induced 
desolvation  from  solution  [13].  Although  the 
pathways  of  desolvation  and  macromolecular 
ion-formation  have  not  yet  been  elucidated  suffi¬ 
ciently  well  to  derive  direct  information  about 
tertiary  structures,  useful  correlations  between 
solution  structures  and  multiple  charged  ions 
[7,10]  have  been  obtained.  A  qualitative  differen¬ 
tiation  of  charge  state  distributions  (‘charge 
structures’  [5])  has  been  observed  for  ‘native’ 
protein  structures  compared  to  spectra  of  irrever¬ 
sibly  denatured  proteins,  e.g.  upon  thermal  and 
solvent-induced  denaturation  [7].  An  illustrative 
example  demonstrating  the  correlation  of  solu¬ 
tion  structure  and  molecular  ion  (charge)  pattern 
has  been  the  pH-dependent  dissociation  and 
reconstitution  of  myoglobin,  one  of  the  first  non- 
covalent  protein  complexes  detected  by  ESI-MS 
[6].  Dissociation  by  acidification  yielded  charac¬ 
teristic  high  charge-state  ions  of  the  apoprotein, 
whereas  renaturation  at  pH  6  provided  the 
reconstituted  intact  heme-protein  ions  [10]. 
Furthermore,  structural  states  of  proteins  have 
been  probed  by  deuterium  exchange  in  solution 
and  by  comparative  analyses  of  chemically  modi¬ 
fied  proteins  yielding  results  consistent  with 
NMR  data  [7,14,15].  Although  little  is  yet  known 
to  which  extent  solution  structures  are  reflected 
by  charge  distributions  of  molecular  ions  these 
results  appear  to  fulfil  one  prerequisite  for  de¬ 
tecting  supramolecular  protein  complexes. 

Preconditions  and  parameters  of  ESI-MS 
which  have  been  employed  for  the  characteriza¬ 
tion  of  non-covalent  protein  complexes  are  sum¬ 
marized  in  Table  1.  Most  important  is  the  evalua- 


Table  1 

Preconditions  and  ESI-MS  parameters  for  identification  of  non-covalent  protein  and  polynucleotide  complexes 


Criteria  for  identification  of  supramolecular  complex 

ESI-MS  parameters/ dissociation  by 

♦  Specific  complex  stoichiometry /equilibrium  of  complex 
components 

♦  Competition  of  complex  components 

♦  Specificity  of  solution  conditions 

♦  Gas-phase  stability  of  complex  ions 

Increase  of  declustering  voltage  (—20-100  V).  Increase  of 
interface  temperature.  Change  of  solution  stoichiometry. 
Chemical  modification /specific  mutation  of  components. 
Change  of  pH;  buffer;  concentration. 

Increased  declustering  voltage.  Collision-induced  dissociation. 
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tion  of  experimental  conditions  that  provide  (1) 
the  differentiation  of  non-covalent  complexes 
and  covalent  adducts,  and  (2)  the  distinction  of 
possible  unspecific  aggregation  products  or  ‘clus¬ 
ter’  ions.  The  latter  artefact  ions  -  although 
observed  in  most  desorption-ionization  MS 
methods  [5]  -  do  not  appear  to  be  significant 
under  ESI-MS  conditions  [7].  A  critical  step  for 
the  detection  of  non-covalent  interactions  is  the 
desolvation  of  macro-ions  supported  by  a  small 
declustering  (ca.  10-100  V)  potential  between 
the  inlet  capillary  tip  and  skimmer  (repeller) 
electrode  (counter-electrode-skimmer  potential, 
ACS);  the  lower  ACS,  the  higher  is  the  chance 
that  non-covalent  complexes  survive  the  desolva¬ 
tion  process  as  illustrated  by  the  observation  of 
water-solvated  polypeptide  ions  at  ‘incomplete’ 
desolvation  conditions  [7].  A  number  of  ex¬ 
perimental  parameters  may  be  required  to  ascer¬ 
tain  specific  binding  structures,  such  as  competi¬ 
tion  studies  of  complex  components  or  changing 
solution  conditions  (pH,  concentration).  Non-co¬ 
valent  protein  complexes  analyzed  under  these 
conditions  encompass  different  types  of  ligands 
and  binding  (such  as  ionic  and  hydrogen-bond 
interactions),  with  dissociation  constants  ranging 
from  10“ 6  to  10“ 11  M  [6].  These  model  studies 
suggest  broad  application  potential  of  ESI-MS 
for  the  study  of  protein-  and  nucleotide-interac¬ 
tions. 

2.2.  Identification  of  leucine  zipper  complexes 
Several  leucine  zipper  classes  of  proteins  have 
attracted  interest  in  the  last  years  because  of 
their  function  in  regulating  transcription  by 
specific  DNA  recognition  [16].  The  leucine  zip¬ 
per  structural  motif,  consisting  of  a  repeating  4-3 
heptad  of  hydrophobic  and  non-polar  residues 
with  Leu  dominating  at  position  4,  was  first 
detected  in  one  of  the  simplest  DNA-binding 
structures,  the  basic  region  leucine  zipper  (bzip) 
where  it  mediates  the  dimerization  of  2  basic 
regions  to  a  DNA-binding  site  [17].  Probably  the 
best  known  leucine  zipper  is  the  C-terminal 
domain  of  the  yeast  transcription-activator, 
GCN4-pl  which  thus  seems  to  be  an  appropriate 
model  system  for  studying  corresponding  protein 
and  nucleotide  complexes  by  ESI-MS  [18,19].  As 


shown  by  the  crystal  structure,  GCN4-pl  assem¬ 
bles  to  a  dimeric  parallel  coiled  coil  in  which 
hydrophobic  interactions  between  the  a -helical 
polypeptide  chains  are  the  dominant  stabilizing 
forces  (see  structure  in  Fig.  1). 

Systematic  studies  by  ESI-MS  were  carried  out 
on  a  series  of  synthetic  leucine  zipper  polypep¬ 
tides,  based  on  the  sequences  of  naturally  occur¬ 
ring  coiled  coils  [16].  The  ESI  spectrum  of 
GCN4-pl  at  low  declustering  potential  (ACS,  10 
V)  is  shown  in  Fig.  la.  The  direct  identification 
of  a  dimeric  complex,  (M2,  Mr  8078  Da)  is 
provided  by  the  5  + charged  macro-ion  at  mlz 
1617  ((2  X  4039 +  5)/5  =  1616.7),  whereas  the 
ions  at  mlz  1347  and  1010  can  originate  from 
both  the  monomer  and/or  dimer  (M)3+/(M2)6+, 


Ac-R  MKQ0EDK  VEe[T]lSK  NYH0ENE  VAr[U)<KL  VGER-CONH2 
Monomer  /  Mr  4039 


3+  (M)  10  V  b  3+  (M)  60  V 

1347  1347 


Fig.  1.  ESI  mass  spectra  of  leucine  zipper  polypeptide 
GCN4-pl  at  10  (a)  and  60  V  (b)  repeller  declustering  voltage 
(ACS).  The  dimeric  structure  is  only  observed  at  ACS  =  10  V 
by  the  5  +  charged  molecular  ion.  Analysis  was  performed  by 
injection  of  5  /jl\  50  /xM  peptide  in  2  mM  NH4OAc:methanol 
(9:1),  pH  6.0.  The  top  insert  shows  the  coiled-coil  GCN4-pl 
crystal  structure,  complexed  with  the  complementary  oligo¬ 
nucleotide  [17]. 
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and  (M)4+/(M2)8",  respectively.  Generally,  un¬ 
equivocal  identification  of  an  oligomer  composed 
of  identical  polypeptide  chains  is  obtained  by  a 
molecular  ion  with  a  non-integer  charge  number, 
when  divided  by  the  number  of  complex  com¬ 
ponents,  i.e.  charge  of  molecular  ion  Inumber  of 
chains  ^  integer  number.  Hence  leucine  zipper 
homodimers  are  characterized  by  all  odd- 
charged  ions.  The  peak  of  the  [M  +  5H]5+  ion  of 
the  dimer  completely  disappears  upon  dissocia¬ 
tion  at  higher  ACS  (60  V;  Fig.  lb)  whereas  the 
3  +  and  4  +  charged  ions  of  monomeric  GCN4-pl 
remain  unchanged  which  confirms  the  non-co- 
valent  nature  of  the  complex. 

Several  model  leucine  zippers  based  on  the 
sequences  of  natural  coiled  coils  have  been 
designed,  one  of  which  (‘coil-Ser’)  has  been 
crystallized  recently  and  shown  to  form  a  3- 
stranded  coiled  coil  [20].  In  the  ESI  mass  spec¬ 
trum  of  a  synthetic  peptide,  LZ,  whose  sequence 


is  identical  with  that  of  coil-Ser  except  for  Trp  at 
position  2  and  Ser  at  position  14,  the  formation 
of  a  trimer  was  identified  by  an  (M3)5+  ion  at 
m/z  1986  whereas  no  dimer  (M2)5+  was  ob¬ 
served  [21].  The  triple-stranded  complex  of  LZ  is 
in  agreement  with  the  crystal  structure  of  ‘coil- 
Ser’  and  was  confirmed  by  sedimentation  equilib¬ 
rium  analysis  [21].  Moreover,  direct  information 
in  equilibria  between  dimers  and  trimers  and  the 
formation  of  homo-  and  heteromeric  complexes 
was  obtained  by  ESI-MS  in  hybridization  experi¬ 
ments  of  LZ  peptides  containing  different  se¬ 
quence  variants.  As  an  example,  Fig.  2  shows 
corresponding  spectra  of  a  mixture  of  LZ  and 
LZ(12A)  containing  an  Ala-substitution  in  posi¬ 
tion  12  that  destabilizes  the  coiled  coil.  Ions 
characteristic  due  to  the  heterodimer,  AL4+,  and 
both  possible  hetero-trimers  (LZ)/(LZ12A)2 
and  (LZ)2/LZ12A  were  identified,  in  addition  to 
the  homomeric  complexes.  In  contrast  to  the  low 


LZ:  Ac-E  YEALEKK  LAA[LjEAK  LQALEKK  LEALEHG-CONH2  (L) 
LZ12A:  Ac-E  YEALEKK  LAa[a]eAK  LQALEKK  LEALEHG-CONH2  (A) 
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Fig.  2.  ESI  mass  spectra  of  dimeric  and  trimeric  heteromers  obtained  from  equal  volumes  of  0.1  mM  solutions  of  peptides  LZ  and 
LZ12A.  (a)  Spectra  of  dimeric  and  trimeric  complexes  on  a  quadrupole  mass  spectrometer  at  ACS  =  10  and  20  V  (bottom 
spectrum);  (b)  spectrum  of  dimers  (top)  and  trimers  (bottom)  on  a  magnetic  sector  instrument,  showing  isotopic  resolution  of 
4  +  charged  dimeric  and  5  +  charged  trimeric  ions. 
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resolution  ESI  spectra  obtained  with  a  quad- 
rupole  mass  analyzer  (Fig.  2a),  unequivocal  as¬ 
signment  of  dimeric  and  trimeric  complex  ions 
was  achieved  on  a  double  focusing  magnetic 
sector  instrument  that  permitted  isotopic  res¬ 
olution  (Fig.  2b).  Thus,  a  direct  differentiation  of 
the  4  +  charged  homodimer  ion  within  the  2  + 
charged  monomer  was  provided  by  the  mass 
differences  (Am,  0.25  amu)  of  isotopic  multiplets 
at  mlz  1633  and  1654.  Likewise,  correct  isotopic 
resolution  (Am,  0.2  amu)  was  observed  for  the 
trimer  (M3)5+  ions.  With  the  ESI-MS  method  it 
was  even  possible  to  demonstrate  that  hybridiza¬ 
tion  of  GCN4-pl  and  LZ  peptides  produced 
small  amounts  of  both  dimeric  and  trimeric 
heteromers.  Furthermore,  fluorescence  quench¬ 
ing  experiments  confirmed  the  formation  of 
coiled  coil  heteromers  in  solution,  and  excluded 
ESI-MS  artefacts. 

Dimeric  complexes  of  several  other  DNA-  and 
RNA-binding  proteins  have  been  recently  iden¬ 
tified  by  ESI-MS  (Table  2),  including  the  hydro- 
phobic,  lipid-binding  lung  surfactant  protein  SP- 
C  [22].  These  results  lend  promise  to  the  ESI 
method  as  a  tool  for  detecting  even  weak  (hydro- 
phobic)  interactions  in  nucleotide-binding  pro¬ 
teins.  However,  a  significant  problem  encoun¬ 
tered  in  concentration-  and  pH-dependent 
studies  is  the  strong  tendency  of  leucine  zippers 
to  adsorb  at  polar,  fused-silica  sample  delivery 
capillaries,  leading  to  partial  dissociation  of  com¬ 
plexes  [10,19].  Due  to  this  limitation,  quantitative 
information  on  thermodynamic  stabilities  on 
homo-  and  heteromeric  assemblies  cannot  be 
obtained  at  present.  The  proportions  of  complex 
ions  could  be  significantly  increased  recently  by 
using  pre-coated  (polyacrylamide)  capillaries 
[21],  thus  resulting  in  a  rough  correlation  of 
molecular  ion  abundances  of  dimers  and  trimers 


with  the  stability  of  the  different  coiled  coils.  A 
further  problem  is  the  general,  relative  reduction 
of  charge  states  of  multiple  charged  ions  for 
protein  complexes,  leading  to  increasing  in¬ 
strumental  demands  in  the  detection  of  high- 
mass  (low  charge  state)  complex  ions  [10]. 

2.3.  Identification  of  double-stranded 
oligonucleotides 

In  contrast  to  the  already  extensive  work  on 
polypeptides,  negative-ion  ESI-MS  of  oligo-  and 
polynucleotides  has  been  found  significantly 
more  difficult  with  regard  to  obtaining  a  homoge¬ 
neous,  poly-phosphate  backbone  and  composi¬ 
tion  of  counter  ions  [9].  Hence,  the  purification 
problems,  e.g.  from  contaminating  alkali  salts, 
still  present  some  limitations  to  the  molecular 
weight  range  amenable.  Best  results  have  been 
obtained  at  present  with  aqueous  poly-ammo¬ 
nium  salts  which  have  permitted  the  detection  of 
homogeneous  multiple  charged  M"  ion  series  in 
sequences  of  up  to  —80-100  bases  [5]. 

Despite  these  yet  existing  limitations,  identifi¬ 
cation  of  intact  double-stranded  oligonucleotides 
has  been  reported  in  recent  studies  [8-10].  The 
ESI  spectrum  of  the  duplex  24-mer  palindromic 
recognition  sequence  of  the  GCN4  leucine  zipper 
(GCN4-U/-L),  prepared  by  hybridization  in  am¬ 
monium  acetate,  is  illustrated  in  Fig.  3  in  com¬ 
parison  to  a  single-strand  sequence.  Unequivocal 
identification  of  the  duplex  is  obtained  (as  noted 
above)  by  the  specific  odd-charged  ion  [M- 
9H]9',  whereas  the  masses  of  the  8-charged 
duplex  ion  and  the  4-charged  monomer  ions 
would  not  be  resolved  at  the  resolution  of  the 
quadrupole  analyzer  employed.  However,  the 
charge  state  distributions  in  Fig.  3b  suggest  the 
nearly  quantitative  formation  of  the  duplex 
which  was  ascertained  by  independent  dissocia- 


Table  2 

Identification  of  supramolecular  complexes  of  polynucleotide-binding  proteins  by  ESI-MS 


Protein 

Mol.  wt. 

Function /localization 

Supramolecular  association 

Complex  identified 

GCN4-pl 

LZ 

7165 

—3400 

Transcription  activator 
Leucine  zipper  peptides 

DNA  binding 

Dimer 

Dimer,  trimer 

L7 

12  460 

Autoantigen 

RNA  binding 

Dimer 

SAF-A 

25100 

Nuclear  matrix  protein 

DNA  binding 

Dimer 
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5’  d(CCG  AM  MT  GAG  TCA  ICC  GCT  GCG)  3’  J  AAA  AAT  GAG  TCA  TCC  GCT  GCG)  3’ 

1  3  d(GGC  TIT  TTA  CTC  AGT  AGG  CGA  CGC)  5' 


Fig.  3.  Negative  ion  ESI  mass  spectra  of  (a)  single-strand 
24-mer  oligonucleotide  GCN4-U;  (b)  double-stranded 
GCN4-U/-L  hybridization  product.  Solvent,  5  mM 
NH4OAc:acetonitrile,  9:1  (pH  6.0). 

tion  studies  and  electrophoresis.  Furthermore, 
successful  studies  of  several  synthetic  oligonu¬ 
cleotides  with  different  sequence /base  composi¬ 
tions  (see  examples  in  Table  3)  showed  remark¬ 
able  stabilities  of  the  duplex  forms  under  ESI 
conditions  relative  to  leucine  zipper  polypeptide 
complexes.  These  results  suggest  the  possibility 
for  determining  duplex  melting  temperatures 
using  ESI-MS  which  has  been  addressed  in  first 
model  studies  [23]. 

2.4.  Characterization  of  nucleotide  complexes  of 
EF-TulEF-Ts 

The  successful  characterization  of  both  sup- 
ramolecular  polypeptide  and  protein  complexes 
and  of  double-stranded  (and  higher-order  [7]) 
oligonucleotides  appears  to  provide,  in  principle, 


the  basis  for  directly  probing  protein-nucleotide 
interactions  in  solution  under  ESI-MS  condi¬ 
tions.  As  noted  above,  possible  effects  on  charge 
structures  of  proteins  upon  polar  interaction  with 
a  nucleotide  backbone  are  still  unknown,  as  are 
the  resulting  multiple  charged  ions  detectable  by 
ESI-MS.  Initial  model  studies  on  leucine  zipper 
peptide  complexes  with  complementary  oligo¬ 
nucleotides  did  not  yield  detectable  high  charge- 
state  ions  within  a  limited  mass  range  (mlz 
2000),  indicating  the  requirement  for  using  suit¬ 
able  high  mass  analyzers  (such  as  time-of-flight 
instruments)  for  detecting  complex  ions  of  low 
charge  numbers. 

However,  the  suitability  of  ESI-MS  to  analyze 
polar  nucleotide  complexes  in  proteins  could  be 
demonstrated  recently  in  studies  to  characterize 
the  nucleotide  and  protein  binding  regions  in  the 
EF-Tu  from  T.  thermophilus  [24].  The  transition 
of  EF-Tu  from  an  ‘inactive’  GDP,  to  the  GTP 
binding  form  upon  interaction  with  the  nu¬ 
cleotide  exchange  factor  EF-Ts  was  characterized 
by  selective  chemical  modification  and  by  direct 
mass  spectrometric  analysis  of  the  EF-Tu  /-Ts 
and  GDP  complexes  [25].  This  study  provided 
the  identification  of  Lys  residues  for  distinct 
nucleotide  binding  regions  (see  Fig.  4).  As  an 
example,  ESI  spectra  of  free  and  GDP-bound 
forms  of  EF-Tu  are  compared  in  Fig.  4  which 
revealed  a  homogeneous  ion  series  of  a  1:2-EF- 
Tu/GDP  complex,  under  the  conditions  em- 


Table  3 


Oligonucleotide'1 

Mol.  wt.  (D)b 

mlz 

Duplex  ions1 

Single  strands 

Duplex 

Charge  state'1 

Mol.  wt/ 

dC4G4 

2411/2411 

4822 

1607 

3 

4824 

d(T)K/d(A)s 

2371/2443 

4814 

1624 

3 

4872 

d(T),„/d(A),0 

2980/3070 

6050 

1209 

5 

605? 

d(20mer)  I/II 

5827/6410 

12237 

2446' 

5 

12?97 

GCN4-L/-U 

7360/7347 

14707 

1638 

9 

14714 

sequences:  dC4G4,  self-complementary  5'-dCCCCGGGG-3': 

dCCTTCCTCCCTCTCTCCTCC-3',  3'-GGAAGGAGGGAGAGAGGAGG-5'-  GCN4-L/-U 
TCATTTTTCGG-3',  3'-dGCGTCGCCTACTGAGTAAAAGCC-5'. 

Monoisotopic  molecular  weights  without  counter-ions. 


d(20mer-I/-II),  5'- 

5'-dCGCAGCGGATGAC- 


c  Duplex  ions  observed  as  [M-/zH]"\ 

d  Most  abundant  charge  states  observed  within  a  mass  range  of  approximately  2000. 
c  Average  molecular  weight  determined  from  duplex  ions. 

Duplex  ion  obtained  with  extended  mass  range  quadrupol  mass  analyzer;  see  Ref.  [9j. 
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A  [EF-Tu  +  2  GDP]  MW:  45497 
•  [EF-Tu]  MW:  44632 


1000  m/z  2000 


Fig.  4.  ESI  mass  spectra  and  structure  model  of  (a)  free 
EF-Tu;  (b)  EF-Tu  complexed  with  GDP.  The  residue  num¬ 
bers  denote  lysine  residues  found  shielded  in  the  EF-Tu/ 
GDP  complex  towards  acetylation  [26]. 


ployed.  Likewise,  the  molecular  stoichiometry 
could  be  directly  determined  by  ESI  spectra  of 
complexes  prepared  with  di-  and  trinucleotide 
co-factors. 

3.  Conclusions  and  perspectives 

Successful  analyses  by  ESI-MS  have  been 
obtained  recently  for  a  variety  of  non-covalent 
supramolecular  complexes  of  biomacromolecules 
and  different  types  of  binding,  as  demonstrated 
by  coiled  coil  leucine  zipper  polypeptides  and 
double-stranded  oligonucleotides.  This  unex¬ 
pected  feature  of  the  ESI  method  appears  to 
open  exciting  perspectives  for  the  molecular 
characterization  of  biomacromolecular  interac¬ 
tion,  with  the  consideration  that  little  is  still 
known  about  ion  formation  mechanisms  and  the 


effect  of  different  solution  structures  on  multiple 
charged  ions  in  the  gas  phase.  Further  model 
studies  on  the  chemical  preconditions  for  forma¬ 
tion  and  ESI-MS  analysis  of  polypeptide-nu¬ 
cleotide  complexes  should  lead  to  rapid  improve¬ 
ments  and  are  carried  out  at  present  in  our 
laboratory.  A  key  feature  will  be  the  investiga¬ 
tion  of  high  mass  (low  charge  state)  ions  of 
complexes  using  suitable  mass  spectrometric  in¬ 
strumentation  [26].  Applications  to  be  antici¬ 
pated  include  the  use  of  ESI-MS  as  a  tool  for 
studying  transcription  (or  translation)  processes, 
receptor  interactions,  and  the  specificity  of  poly¬ 
nucleotide  recognition  at  a  molecular  level. 
Furthermore,  the  direct  analysis  by  ESI-MS  is 
expected  to  be  a  useful  complement  for  the 
characterization  of  protein-nucleotide  interac¬ 
tions  using  chemical  modification  procedures. 

4.  Experimental  procedures 

Synthetic  leucine  zipper  peptides  employed  in 
this  study  were  prepared  on  an  Applied 
Biosystems-430A,  or  a  semi-automated 
ABIMED  synthesizer,  using  Fmoc  protection 
strategy  as  described  previously  [21].  Final  purifi¬ 
cation  of  peptides  was  achieved  by  semi-prepara¬ 
tive  C8 -reversed  phase  HPLC.  Oligodeoxynu- 
cleotides  were  synthesized  on  a  Biosearch 
Cyclone  DNA  synthesizer  using  phosphor- 
amidite  chemistry  and  purified  by  C1S-HPLC 
before  removal  of  the  5'-protecting  group.  Hy¬ 
bridization  experiments  were  carried  out  in  1  M 
ammonium  acetate  by  annealing  at  10°C/h  cool¬ 
ing  from  80  to  20°C.  Final  desalting  was  per¬ 
formed  on  a  Sephadex-G25  column  with  10  mM 
ammonium  acetate.  ESI-MS  was  performed  with 
a  Vestec-201A  quadrupole  mass  spectrometer 
(Vestec,  Houston,  TX)  equipped  with  a  ‘ther¬ 
mally-assisted’  electrospray  interface  [27].  The 
ion-spray  interface  temperature  was  approxi¬ 
mately  40°C  for  all  measurements.  The  mass 
analyzer  with  a  nominal  mtz  range  of  2000  was 
operated  at  unit  resolution.  An  electrospray 
voltage  at  the  tip  of  the  stainless  steel  capillary 
needle  of  2-2.2  kV  and  nozzle-repeller  voltage 
difference  of  typically  10-50  V  were  employed. 
Mass  calibration  was  performed  with  the  8  + , 
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9  4-  and  10  +  charged  ions  of  hen  egg  white 
lysozyme  and  raw  data  analyzed  by  a  Tecnivent 
vector-2  data  system.  High  resolution  ESI-MS 
measurements  were  performed  with  a  Jeol  JMS- 
102X  double  focusing  sector  instrument 
equipped  with  an  Analytica  electrospray  inter¬ 
face  (Analytica,  Branford,  MA)  at  a  mass  res¬ 
olution  of  —7000. 

Peptide  solutions  (10-100  /uM)  were  prepared 
in  2  mM  ammonium  acetateimethanol  (9:1),  and 
the  pH  adjusted  with  acetic  acid  and  aqueous 
ammonia.  Sample  delivery  was  carried  out  by 
infusion  through  a  50-^m  fused  silica  capillary  at 
a  flow  rate  of  4  jjl  l/min  using  a  Harvard-44 
infusion  pump. 
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Abstract 


The  solution  structure  of  a  type  II  DNA-binding  protein  (DBPII),  transcription  factor  1  (TF1),  has  been 
determined  using  NMR  spectroscopy.  A  multidimensional,  heteronuclear  strategy  was  employed  to  overcome 
assignment  ambiguities  due  to  resonance  overlap  and  broadened  crosspeaks.  This  approach  involved  the  use  of 
selectively  deuteriated,  l3C-  and  15N-labeled  samples  and  ‘isotopic  heterodimers’  to  distinguish  between  intra-  and 
intermonomeric  NOEs.  A  comparison  with  the  crystal  structure  and  NMR  analysis  of  the  E.  coli  HU  protein 
suggests  that  other  homologous  proteins  in  this  family  will  possess  similar  tertiary  structures.  This  NMR  strategy  is 
applicable  to  the  study  of  other  proteins  and  their  biomolecular  complexes. 


Keywords:  NMR  spectroscopy;  DNA-binding  proteins;  Structure  determination;  Transcription  factor  1 


1.  Introduction 

The  interaction  between  proteins  and  nucleic 
acids  accounts  for  many  of  the  most  important 
cellular  functions  such  as  the  induction  and/or 
repression  of  gene  expression,  assisted  binding  of 
other  macromolecules  to  nucleic  acids,  and  the 
packaging  of  nucleic  acids  into  other  superstruc¬ 
tures.  However,  when  damage  occurs  to  one  of 
the  interacting  molecules,  disruption  of  normal 
cellular  processes  can  occur.  DNA,  in  particular, 
is  susceptible  to  modification  by  endogenous  and 
external  environmental  agents.  Elucidating  how 
these  changes  alter  DNA  structure  and  how 
specific  repair  proteins  and  enzymes  recognize 
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and  bind  these  damaged,  unusual  bases  is  im¬ 
portant  for  understanding  how  biological  systems 
cope  with  their  environment.  A  technique  that  is 
particularly  well-suited  for  these  types  of  studies 
is  nuclear  magnetic  resonance  (NMR)  spectros¬ 
copy.  By  using  NMR  spectroscopy,  we  can  com¬ 
pare  the  structures  of  the  DNA  molecule  before 
and  after  chemical  modification,  or,  with  the 
appropriate  protein-DNA  complexes,  identify 
any  differences  in  intermolecular  contacts,  which 
may  yield  insights  into  how  DNA  recognition  is 
accomplished. 

We  have  been  investigating  the  structure  of  the 
transcription  factor  1  (TF1),  a  22-kDa  DNA- 
binding  protein  encoded  by  Bacillus  subtilis 
phage  SPOl,  by  high-resolution  *H  NMR  spec¬ 
troscopy  [1,2].  TF1  is  a  member  of  the  family  of 
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basic,  dimeric  proteins  known  as  the  type  II 
DNA-binding  proteins  (DBPII).  A  highly  re¬ 
solved  structure  is  known  for  only  one  DBPII, 
the  B.  stearothermophilus -encoded  HU  protein 
(Bst.  HU)  determined  crystallographically  by 
White  and  colleagues  [3].  Recently,  a  NMR  study 
of  Bsr.HU  has  also  been  carried  out  [4].  The  high 
sequence  homology  between  the  DBPIIs  sug¬ 
gests  that  the  structure  of  Rtf.HU  is  probably 
very  similar  to  the  other  DBPIIs,  It  has  also  been 
inferred  from  the  crystal  structure  of  Bst.HXJ  that 
DNA  binding  is  effected  by  two  concave  fi- 
ribbon  ‘arms’.  Of  the  known  DBPII,  only  TF1 
and  the  integration  host  factor  (IHF)  from  E. 
coli  exhibit  sequence-specific  DNA  binding.  This 
has  been  explained  by  the  presence  of  short 
extensions  at  the  carboxy-terminus  in  TF1  and 
IHF.  TF1  is  unusual  among  the  DBPIIs  in  that  it 
binds  preferentially  to  DNA  containing  5-hy- 
droxymethyluracil  (hmU)  in  place  of  thymine 
[5,6],  TF1  has  also  been  shown  to  bend  DNA, 
and  is  capable  of  bending  a  35  basepair  DNA 
duplex  through  approximately  180°  [7],  Although 
hmU  can  be  a  product  of  oxidative  damage,  the 
function  of  TF1  is  presumably  to  inhibit  tran¬ 
scription  of  SPOl  DNA  (a  double  stranded  140- 
kbp  genome  in  which  all  thymines  are  replaced 
with  hmU)  by  RNA  polymerase  and  is  not 
involved  in  any  DNA  repair  processes.  However, 
by  studying  and  comparing  complexes  of  TF1 
with  hmU-  and  thymine-containing  DNAs,  TF1 
may  serve  as  a  structural  paradigm  for  under¬ 
standing  how  proteins  recognize  unusual,  cancer- 
related,  or  environmentally-damaged  nucleo¬ 
tides. 

NMR  spectroscopy  is  unique  in  its  ability  to 
enable  researchers  to  study  biological  molecules 
in  solution  with  atomic  resolution,  but  its  ap¬ 
plicability  is  limited  in  terms  of  the  size  of  the 
molecule  or  complex  that  can  be  studied.  The 
reasons  for  this  limitation  are  increased  line 
broadening,  spectral  overlap,  and  spin-diffusion 
effects  [8].  These  factors  contribute  to  yield  more 
complex  spectra  that  are  harder  to  interpret. 
From  a  spectroscopic  standpoint,  even  though  it 
is  a  homodimer,  TF1  is  a  fairly  large  protein  for 
]H  NMR  studies.  The  approaches  used  to  over¬ 


come  the  problems  associated  with  increased  size 
have  typically  been  to  employ  13C-  and/or  15N- 
labeling  of  the  molecule  in  conjunction  with 
multidimensional  heteronuclear  NMR  experi¬ 
ments.  While  these  methods  have  proven  highly 
successful  [9,10],  we  decided  to  develop  a 
strategy  involving  selective  2H-labeling  of  TF1. 
There  are  several  compelling  reasons  for  doing 
so,  not  the  least  of  which  are  simplified  and 
better-resolved  spectra  for  resonance  assign¬ 
ments,  a  means  for  extracting  more  accurate 
interproton  distances,  and  the  ability  to  study 
selected  regions  of  the  protein.  These  benefits 
have  been  discussed  in  detail  previously  [2,11— 
13]. 

We  have  also  employed  13C-  and  l!,N-labeled 
TF1  samples  to  verify  the  resonance  assignments 
and  to  extend  the  number  of  unambiguously 
assigned  intermonomer  interactions  in  the  homo¬ 
dimer.  This  concerted  approach  involving  H-, 
13C-  and  1',N-labeling  has  been  helpful  not  only 
for  studying  the  free  protein,  but  should  also  find 
useful  application  in  the  study  of  the  protein- 
DNA  complexes.  Preliminary  NMR  studies  have 
also  been  initiated  in  which  the  structures  of 
hmU-containing  DNA  oligomers  [14]  and  the 
corresponding  thymine-containing  oligomers  will 
be  compared  for  insights  into  possible  structural 
aspects  for  nucleotide  recognition.  This  type  of 
comparison  study  is  applicable  to  study  the 
effects  of  any  type  of  DNA  modification,  such  as 
alkylation,  deamination,  photodimerization,  or 
adduct  formation. 


2.  Materials  and  methods 

2.1.  Production  of  selectively  2H-labeled  TF1 

The  overproducing  plasmid  pTFIX  was  used 
to  produce  TF1  in  either  E.  coli  MG1655  or  the 
auxotroph  DL39  [1].  A  series  of  variants  were 
produced  by  expressing  TF1  in  a  media  con¬ 
taining  a  mixture  of  uniformly  2H-labeled  amino 
acids  and  a  10-fold  excess  of  selected  unlabeled 
amino  acids.  For  example,  if  the  unlabeled  amino 
acids  were  phenylalanine,  glycine,  isoleucine,  and 
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tyrosine,  and  the  remaining  amino  acids  were 
2H-labeled,  the  variant  protein  was  denoted  as 
FGIY.  A  total  of  eight  variants  -  FGIY,  FVSY, 
LAS,  VIFY,  TE,  PRAG,  KMP,  and  Phe  (the  sole 
protiated  residue  was  2,4-[2H2]phenylalanine)  - 
were  produced.  The  deuteriated  algal  hydro¬ 
lysates  (isotopic  enrichment  98%)  were  pur¬ 
chased  from  MSD  Isotopes  (Montreal,  Canada); 
1  g  hydrolysate  corresponded  to  approximately 
0.5  g  free  amino  acids,  the  remainder  being 
inorganic  salts  and  2H-labeled  glucose.  The  bac¬ 
teria  were  grown  in  6  1  of  Luria  broth  until  the 
cell  density  reached  A600  nm  =  1.  The  bacteria 
were  spun  down,  resuspended  in  1.0  1  M9  mini¬ 
mal  media  with  ampicillin,  recentrifuged,  resus¬ 
pended  in  1.5  1  M9  media  with  ampicillin  and 
incubated  at  31°C  for  15  min.  Deuteriated  algal 
hydrolysate  and  a  10-fold  excess  of  the  unlabeled 
amino  acids  were  added  to  1  g/1  culture.  Induc¬ 
tion  of  TF1  synthesis  was  carried  out  at  41°C  for 
90  min.  Procedures  for  the  purification  of  TF1 
have  been  described  previously  [15]. 

Uniformly  15N-  and  13C-labeled  TF1  samples 
were  produced  in  a  similar  manner.  15N-  and 
13C-labeled  algal  hydrolysate  were  purchased 
from  Cambridge  Isotope  Laboratories  (Cam¬ 
bridge,  MA).  An  ‘isotopic  heterodimer’  com¬ 
posed  of  one  normal  TF1  monomer  and  one 
l3C-labeled  TF1  monomer  was  prepared  by  mix¬ 
ing  equimolar  amounts  of  normal  TF1  and  Re¬ 
labeled  TF1  and  allowed  to  equilibrate  for  1  day 
at  room  temperature.  ‘Isotopic  heterodimers’ 
composed  of  different  combinations  of  the  selec¬ 
tively  deuteriated  variants  were  prepared  in  a 
similar  manner. 

2.2.  NMR  sample  preparation 

After  purification,  protein  samples  were  ex¬ 
changed  into  400  mM  NaCl,  100  mM  phosphate, 
pH  6.8  buffer  through  repeated  filtration  using 
10  000  molecular  weight  cutoff  ultrafiltration 
units  (Amicon,  Inc.).  Some  samples  were  lyophil- 
ized  and  redissolved  in  99.96%  DzO,  others  were 
dissolved  in  90:10  H20/D20  (%).  Final  protein 
concentrations  were  determined  by  UV  absor¬ 
bance  measurements  at  280  nm. 


2.3.  NMR  spectroscopy 

All  NMR  spectra  were  acquired  on  a  Bruker 
AMX500  spectrometer  equipped  with  an  X32 
Aspect  3000  computer.  Two-dimensional  experi¬ 
ments  were  collected  with  samples  dissolved  in 
90:10  H20/D20  (%)  and  some  homonuclear 
experiments  were  collected  with  the  samples 
dissolved  in  99.96%  D20.  Three-dimensional 
experiments  were  collected  with  samples  dis¬ 
solved  in  95:5  H20/D20  (%).  Except  for  the 
heteronuclear  multiple  quantum  coherence 
(HMQC)  experiment,  the  intensity  of  the  solvent 
resonance  was  minimized  by  the  application  of  a 
low  power  presaturating  pulse  during  the  recycle 
delay.  Further  suppression  of  the  solvent  signal 
was  achieved  by  the  incorporation  of  a  jump- 
return  sequence  into  the  nuclear  Overhauser 
effect  spectroscopy  (NOESY)  experiments,  a  low 
power  saturation  pulse  during  the  NOESY  mix¬ 
ing  time,  and  two  high  power  trim  pulses  before 
and  after  the  MLEV-17  sequence  in  the  total 
correlation  spectroscopy  (TOCSY)  experiment. 
Water  suppression  in  the  HMQC  experiment  was 
achieved  by  a  jump-return  sequence.  Phase  cy¬ 
cling  enabled  quadrature  detection  in  t}  and 
employed  time-proportional  phase  incrementa¬ 
tion  (TPPI)  in  the  absorption  mode.  All  spectra 
were  collected  at  30°C. 

Amino  acid  spin  system  identification  and  the 
subsequent  complete  sequential  assignment  of 
TF1  was  accomplished  through  the  concerted  use 
of  two-dimensional  TOCSY,  NOESY,  !H-15N 
HMQC,  ‘H-^N  heteronuclear  single  quantum 
coherence  (HSQC),  ^-^C  double  half-filtered 
NOESY  experiments,  and  three-dimensional 
TOCSY-NOESY  and  'H-^N  NOESY-HMQC 
experiments.  The  TOCSY  experiment  was  col¬ 
lected  with  a  spin-lock  field  of  12  kHz  and  a 
duration  of  40  ms,  and  35  ms  in  the  three- 
dimensional  experiment.  NOESY  spectra  were 
collected  with  mixing  times  of  75,  100,  150  and 
200  ms.  The  homonuclear  three-dimensional 
TOCSY-NOESY  and  heteronuclear  'H-15N 
NOESY-HMQC  experiments  both  employed 
NOESY  mixing  times  of  100  ms.  Two-dimension¬ 
al  *H-13C  double  half-filter  NOESY  experiments 
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[16]  were  used  to  analyze  the  !H/l3C  ‘isotopic 
heterodimer’. 

NMR  data  were  analyzed  using  FELIX  soft¬ 
ware  (Biosym  Technologies,  Inc.)  running  on 
SGI  Indigo  and  Indigo2  workstations. 

2.4.  Structure  calculations 

The  structure  determination  was  accomplished 
using  a  simulated  annealing  protocol  with  the 
XPLOR  program  [17].  For  these  calculations, 
NOESY  crosspeak  intensities  were  categorized 
into  five  corresponding  distance  intervals.  Al¬ 
though  the  effects  of  spin  diffusion  are  greatly 
attenuated  in  deuteriated  proteins,  crosspeak 
intensities  in  a  series  of  NOESY  data  collected 
with  different  mixing  times  were  evaluated  for 
contributions  due  to  spin  diffusion.  Pseudoatoms 
were  used  for  methyl  and  nonstereospecifically 
resolved  methylene  groups  and  interproton  dis¬ 
tances  were  adjusted  accordingly. 

The  first  part  of  the  calculations  involved  some 
all-atom  Powell  conjugate  gradient  energy 
minimization,  followed  by  6  ps  of  molecular 
dynamics  at  1000  K,  during  which  the  force 
constants  corresponding  to  molecular  geometry 
were  increased.  This  was  followed  by  a  slow 
cooling  of  the  molecule  to  100  K  in  50-degree 
steps  with  167  fs  of  dynamics  at  each  tempera¬ 
ture.  Energy  constants  for  repulsive  terms  were 
increased  at  each  temperature  to  prevent  further 
changes  in  the  global  conformation.  The  final 
part  of  the  calculation  involved  another  Powell 
energy  minimization. 

3.  Results 

3.1.  Protein  deuteriation  and  sample  conditions 

Perhaps  the  major  limitation  to  the  general 
application  of  NMR  spectroscopy  to  the  elucida¬ 
tion  of  biomolecular  solution  structures  is  direct¬ 
ly  related  to  molecular  size.  The  !H  NMR 
spectra  of  large  biomoiecules  or  complexes  are 
characterized  by  severe  line  broadening  due  to 
slower  tumbling  rates  and  crosspeak  de¬ 
generacies,  both  of  which  contribute  to  making 


assignment  of  individual  crosspeaks  proble¬ 
matic.  Scalar-coupled  (correlated  spectroscopy 
(COSY),  TOCSY,  etc.)  spectra  suffer  from  a 
reduction  in  sensitivity  due  to  larger  line  widths 
associated  with  increased  molecular  weight. 
NOESY  spectra  are  made  more  difficult  to 
analyze  due  to  the  increased  number  of  protons, 
their  availability  for  cross-relaxation,  and  the 
occurrence  of  spin  diffusion  effects  which  can 
lead  to  the  appearance  of  false  NOEs. 

In  some  cases  it  is  possible  to  dissect  the 
protein  of  interest  into  smaller  functional  do¬ 
mains  which  can  then  be  studied  individually, 
otherwise  there  is  little  that  can  be  done  to 
physically  reduce  the  size  of  a  molecule.  How¬ 
ever,  one  method  that  has  been  shown  to  offset 
some  of  the  detrimental  effects  of  molecular  size 
mentioned  above  is  protein  deuteriation. 
Because  deuterium  signals  are  not  observed  in 
high-resolution  spectra  and  do  not  contribute  to 
proton  relaxation,  deuteriation  has  two  primary 
benefits  -  spectral  complexity  is  reduced  and 
sensitivity  is  increased  (fewer  relaxation  path¬ 
ways).  Previous  studies  employed  random  frac¬ 
tional  deuteriation  in  which  the  recombinant 
protein  is  expressed  in  the  presence  of 
deuteriated  growth  media,  resulting  in  protein 
samples  characterized  by  uniform  levels  of 
deuteriation.  Our  approach  utilized  samples  with 
selected  protiated  amino  acid  types.  The  re¬ 
sulting  proton  spectra  collected  with  these 
deuteriated  variants  exhibited  improved  sen¬ 
sitivity  and  were  dramatically  simplified  (Fig.  1). 
The  resonances  of  greatest  intensity  are  associ¬ 
ated  with  the  protiated  residues.  Without  the 
same  number  of  proximal  protiated  residues, 
intraresidue  dipolar  couplings  dominated  the 
relaxation,  while  contributions  from  interresidue 
pathways  were  negligible,  except  those  that  were 
specifically  chosen,  as  described  below.  As  ex¬ 
pected,  relaxation  measurements  showed  that 
selective  deuteriation  increased  the  longitudinal 
(T,)  relaxation  times  of  the  protiated  residues 
[li]. 

By  judiciously  selecting  the  protiated  amino 
acid  types  based  on  the  known  primary  sequence 
of  TF1  we  were  able  to  specifically  assign  short 
peptide  segments  throughout  the  protein  using 
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Fig.  1.  (a)  Aliphatic  region  of  a  NOESY  spectrum  of  a  fully 
protiated  TF1  sample,  (b)  Corresponding  spectrum  of  the 
FGIY  variant. 


the  standard  assignment  procedures  [18]. 
Through  the  concerted  use  of  six  of  the 
deuteriated  variants  (the  VIFY  and  Phe  variants 
were  only  used  for  differentiating  between  inter- 
and  intramonomeric  contacts),  we  were  able  to 


specifically  assign  most  of  the  TF1  resonances. 
The  remaining  ambiguous  assignments  were  as¬ 
signed  and  verified  through  the  use  of  a  uniform¬ 
ly  l5N-labeled  TF1  sample  [1]. 

However,  before  an  NMR  analysis  of  a  protein 
can  be  conducted,  sample  conditions  in  which  the 
protein  exhibits  biological  activity  and  yields 
useful  NMR  spectra  must  be  determined.  At  the 
sample  concentrations  normally  used  in  NMR 
spectroscopy,  some  proteins  exhibit  a  tendency 
to  associate.  This  can  lead  to  a  large  aggregate, 
causing  line  broadening.  Sometimes  aggregation 
can  be  minimized  by  varying  sample  conditions, 
in  particular  the  ionic  strength  of  the  solution. 
While  exploring  the  chaotropic  series  of  salts  is 
often  beneficial,  in  the  case  of  TF1  and  we  were 
able  to  reduce  aggregation  with  higher  concen¬ 
trations  of  NaCl.  The  extent  of  aggregation  is 
readily  monitored  via  two-dimensional  *H-  N 
HMQC  experiments.  This  experiment  correlates 
the  amide  nitrogen  with  its  attached  proton.  In 
the  regime  where  aggregation  is  a  factor,  the 
nitrogen-proton  correlations  are  typically 
broadened  due  to  slower  tumbling,  sometimes 
broadened  to  the  point  that  they  are  not  ob¬ 
served  in  the  spectra  (Fig.  2a).  At  ionic  strengths 
where  association  is  disfavored,  the  peaks  are 
sharper,  and  more  abundant  (Fig.  2b-c).  We 
found  that  conditions  of  400  mM  NaCl  yielded 
the  best  spectra,  and  just  as  importantly,  repre¬ 
sented  conditions  in  which  TF1  was  still  bio¬ 
logically  active. 

3.2.  Determination  of  secondary  structure 

After  a  sequence-specific  assignment  has  been 
completed,  it  is  possible  to  determine  the  regions 
and  types  of  secondary  structure  that  are  present 
in  the  protein.  Advantage  can  be  taken  of  the 
fact  that  the  amide  protons  are  easily  exchanged 
with  the  bulk  solvent  (H20  or  D20)  when 
present  in  flexible  regions  of  the  protein’s  ter¬ 
tiary  structure,  and  more  difficult  to  exchange 
when  involved  in  hydrogen  bonds  in  rigid  sec¬ 
ondary  structure  elements  such  as  a -helices  and 
/3-sheets.  Because  of  the  short  time  that  is 
required  to  collect  1H-1  N  HMQC  data,  this 
heteronuclear  experiment  is  particularly  well 
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suited  for  these  types  of  amide  exchange  studies. 
A  uniformly  15N-labeled  TF1  sample  was  dis¬ 
solved  in  H20,  a  !H-15N  HMQC  dataset  was 
acquired  (Fig.  3a),  and  then  the  sample  was 
lyophilized.  The  sample  was  then  redissolved  in 
D20  and  the  exchange  of  the  amide  protons  with 
the  solvent  deuterons  was  monitored  over  time. 
As  can  be  seen  in  Fig.  3b-d,  some  amide  protons 
resist  exchange,  even  after  5  days.  These  protons 
correspond  to  residues  involved  in  well-defined 
a -helices  within  the  core  of  the  protein. 

Once  the  resonance  assignments  have  been 
completed,  it  is  then  possible  to  tabulate  all  of 
the  observed  NOE  (through-space)  interactions. 
Certain  patterns  of  NOEs  are  indicative  of  sec¬ 
ondary  structure.  In  particular,  NOEs  between 
an  a  proton  and  the  amide  proton  three  residues 
away  (towards  the  C-terminal),  and  between  an 
amide  proton  and  the  amide  proton  two  residues 
away  are  representative  of  a -helices.  A  tabula¬ 
tion  of  observed  NOEs  is  shown  in  Fig.  4. 
Without  exception,  those  NOEs  characteristic  of 
a -helices  also  correspond  to  the  most  slowly 
exchanging  amide  protons  (indicated  by  aster¬ 
isks). 

It  has  also  been  shown  that  the  chemical  shift 
of  the  a  proton  is  indicative  of  secondary  struc¬ 
ture  [19].  Specifically,  when  compared  to  the 
expected  chemical  shift  for  a  corresponding  res¬ 
idue  in  a  unstructured,  random  configuration,  the 
a  proton  in  an  a -helical  residue  is  typically 
shifted  upfield,  whereas  it  is  shifted  downfield 
when  present  in  a  /3-strand.  In  TF1,  these  chemi¬ 
cal  shift  differences  (Fig.  5)  correspond  well  with 
where  a-helices  are  expected  from  NOE  and 
amide  exchange  studies,  and  where  /3-sheets  are 
expected  from  NOEs  and  modeling  studies. 
Perturbations  suggest  the  presence  of  turns  or 
kinks. 

3.3.  Intermonomer  versus  intramonomer  NOEs 

In  terms  of  resonance  assignments,  the  twofold 
symmetry  of  a  homodimer  is  advantageous  in 
yielding  only  half  the  spectral  complexity  of  a 
heterodimer,  but  an  issue  that  is  extremely  prob¬ 
lematic  and  inherent  with  homodimers  is  the 
inability  to  distinguish  between  inter-  and  in¬ 


tramonomer  NOEs.  However,  because  TF1  es¬ 
tablishes  a  monomer-dimer  equilibrium  in  the 
absence  of  an  appropriate  DNA  molecule  [20], 
we  were  able  to  form  ‘isotopic  heterodimers’  by 
mixing  equimolar  amounts  of  different  selective¬ 
ly  deuteriated  variants.  Each  sample  was  a  mix¬ 
ture  of  two  homodimers  and  the  ‘heterodimer’  in 
a  1:1:2  molar  ratio.  Based  on  our  hypothetical 
TF1  structure  modeled  after  the  crystallized 
tfs/.HU  structure,  we  identified  interactions 
which  we  believed  to  lie  at  or  near  the  monomer- 
monomer  interface.  If,  for  example,  an  NOE  was 
observed  between  an  alanine  residue  and  a 
leucine  residue  in  the  NOE  spectrum  of  the  LAS 
sample,  it  would  not  be  clear  if  the  observed 
interaction  was  inter-  or  intramonomeric  in  na¬ 
ture.  By  forming  the  Phe-LAS  ‘heterodimer’,  this 
differentiation  could  be  made.  If  the  interaction 
were  intermonomeric,  the  NOESY  spectrum  of 
the  ‘heterodimer’  would  show  an  NOE  that  was 
one-fourth  the  intensity  of  the  NOE  seen  with 
the  LAS  sample.  If  the  interaction  was  in¬ 
tramonomeric,  the  observed  NOE  would  be  half 
the  intensity  of  the  NOE  seen  in  the  LAS 
sample.  In  this  manner  we  were  able  to  un¬ 
ambiguously  identify  several  inter-  and  in¬ 
tramonomer  contacts. 

A  more  elegant,  straightforward  and  informa¬ 
tive  approach  is  to  use  heteronuclear  half-filter 
NMR  experiments.  These  pulse  sequences  allow 
the  selection  of  protons  according  to  whether 
they  are  covalently  bound  to  NMR-active  nuclei 
(in  particular  13C)  or  not  [21,22].  In  order  to  take 
advantage  of  these  methods,  equimolar  amounts 
of  an  unlabeled  sample  were  mixed  with  a 
uniformly  13C-labeled  sample,  yielding  a  mixture 
of  doubly-unlabeled  TF1  dimers,  doubly  Re¬ 
labeled  dimers,  and  ‘isotopic  (13C/12C)  hetero- 
dimers’,  also  in  a  1:1:2  ratio.  A  modified  two- 
dimensional  double  half-filter  NOESY  experi¬ 
ment  [16]  leads  to  the  acquisition  of  two  datasets. 
Summing  the  two  datasets  resulted  in  a  spectrum 
that  contained  all  the  NOEs  as  before,  but 
subtracting  the  datasets  resulted  in  a  spectrum 
that  contained  only  those  NOEs  which  involved 
a  13C-bound  proton  and  a  12C-bound  proton  -  in 
other  words,  only  intermonomer  NOEs  (Fig.  6). 
These  NOE  crosspeaks  could  only  arise  from  the 
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Fig.  3.  Amide  exchange  rates  as  monitored  by  ‘H-1SN  HMQC  experiments,  (a)  In  90:10  H.O/D.O  (%).  (b)  After  1.5  h  in  D.O. 
(c)  After  4.5  h  m  D20.  (d)  After  5  days  in  D20.  Residue  numbers  corresponding  to  the  observed  amide  correlations  are  indicated 
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Fig.  4.  A  summary  of  sequential  NOEs  observed  in  TF1. 
Amide  proton  resonances  that  could  be  detected  after  ex¬ 
change  (a.e.)  in  D20  for  1  h  and  for  5  days  are  marked  with 
asterisks. 


Fig.  5.  Chemical  shift  analysis  of  a  proton  resonances  of  TF1. 
Chemical  shift  differences  are  calculated  by  subtracting  the 
observed  chemical  shift  from  its  ‘random  coil’  value  [19]. 
Positive  chemical  shift  difference  values  indicate  an  upfield- 
shifted  resonance. 

‘heterodimeric’  species  and  not  from  either  of 
the  two  ‘isotopic  homodimers’.  From  this  experi¬ 
ment  we  were  able  to  unambiguously  identify 
110  intermonomer  NOEs. 

3.4.  Structure  calculations 

In  addition  to  NOE  information,  we  were  also 
able  to  determine  approximate  backbone  dihe¬ 
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Fig.  6.  Aliphatic  region  of  a  heteronuclear  double  half-fil¬ 
tered  NOESY  spectrum  of  a  13C/12C  ‘isotopic  heterodimer’ 
of  TF1.  These  crosspeaks  correspond  to  intermonomer  inter¬ 
actions. 


dral  angles  based  on  interresidue  amide  proton- a 
proton  coupling  constants.  Altogether,  1599  in- 
tramonomer  and  110  intermonomer  interproton 
distance  constraints  and  208  dihedral  angle  con¬ 
straints  were  used  in  our  structure  calculations. 
Ten  calculations  with  starting  structures  based  on 
the  5sf.HU  structure  yielded  a  family  of  final 
structures  (Fig.  7).  Starting  the  calculations  from 
extended  structures  also  resulted  in  secondary 
structure  elements  -  ai-helices  and  /3-strands  - 
being  located  in  the  correct  regions. 


4.  Discussion  and  conclusion 

There  are  currently  only  two  physical  tech¬ 
niques  that  can  be  applied  towards  determining 
the  structures  of  biomolecules  and  their  complex¬ 
es  at  atomic  resolution  -  NMR  spectroscopy  and 
X-ray  crystallography.  Although  a  decided  ad¬ 
vantage  of  X-ray  crystallography  is  the  larger  size 
of  biological  systems  that  can  be  studied,  NMR 
spectroscopy  is  an  extremely  attractive  technique 
since  solution  structures  are  determined,  and 
often  samples  cannot  be  adequately  crystallized, 
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Fig.  7.  Ten  overlapping  structures  of  TF1  from  simulated 
annealing  calculations  based  on  NMR-derived  distance  and 
torsion  angle  constraints.  Only  backbone  atoms  are  shown. 


as  has  been  the  case  with  TF1.  The  ability  to 
efficiently  produce  milligram  quantities  of  iso- 
topically  enriched  protein  samples  using  molecu¬ 
lar  biology  techniques  combined  with  modern 
multidimensional  NMR  techniques  has  made  it 
possible  to  study  larger  and  larger  molecular 
systems. 

We  have  developed  a  strategy  that  employs 
selective  deuteriation  to  enable  the  completion 
of  resonance  assignments  for  large  proteins. 
Although  C-  and/or  1  N-labeling  of  protein 
samples  has  been  shown  to  be  very  useful  and 
productive  for  NMR  studies,  deuterium  labeling 
does  offer  some  significant  advantages.  Three 
major  benefits  are:  a  dramatic  simplification  of 
the  NMR  spectra  that  greatly  facilitates  reso¬ 
nance  assignments;  a  reduction  in  the  number  of 
potential  relaxation  pathways,  resulting  in  im¬ 
proved  resolution  and  sensitivity  (compared  to  a 


fully  protiated  sample),  as  well  as  yielding  more 
accurate  interproton  distance  constraints 
(NOEs),  which  can  then  be  used  for  improving 
structure  determination  calculations  [11];  and  the 
ability  to  use  standard  homonuclear  NMR  ex¬ 
periments  for  resonance  assignments  and  NOE 
analyses.  An  additional  benefit  associated  with 
selective  deuteriation  is  that  the  residues  and 
sequential  regions  that  are  protiated  are  easier  to 
identify  and  can  be  studied  in  greater  detail  with 
fewer  interfering  resonances  than  the  same  re¬ 
gions  in  fully  protiated  or  randomly  deuteriated 
proteins.  Because  the  primary  sequence  of  the 
protein  under  study  is  usually  known,  these 
sequential  regions  may  correspond  to  regions 
that  are  predicted  to  be  structurally  important  or 
involved  in  biological  activity  based  on  other 
biochemical  studies.  That  is,  specific  studies  for 
identifying  intermolecular  contacts  can  be  carried 
out  using  selective  deuteriation  even  prior  to 
completing  a  sequence-specific  resonance  assign¬ 
ment.  The  actual  cost  of  producing  selectively 
deuteriated  variants  is  much  lower  than  the 
prohibitive  cost  of  producing  selectively  l3C-  or 
l"N-  labeled  variants  by  adding  selected  fully 

C-  or  ^N-labeled  amino  acids  during  protein 
expression.  A  phenomenon  to  consider,  however, 
before  embarking  on  specific  NMR  studies  in¬ 
volving  deuteriation  is  biosynthesis.  In  the  bac¬ 
terial  strain  we  used  for  overexpressing  TF1, 
probation  occurred  on  the  a  carbon  even  for  the 
mostly  highly  deuteriated  variants.  We  were  able 
to  minimize  the  level  of  probation  without  com¬ 
promising  overall  protein  yield  by  switching  to  an 
auxotrophic  strain  for  expression.  It  should  also 
be  noted  that  the  isotopically  enriched  algal 
hydrolysates  do  not  contain  equal  amounts  of  the 
standard  amino  acids  (asparagine,  glutamine  and 
tryptophan  are  particularly  susceptible  to  degra¬ 
dation  during  hydrolysis).  For  example,  TF1  is 
fairly  lysine-rich  with  few  aromatic  amino  acids 
compared  to  the  hydrolysate,  which  leads  to  a 
differential  level  of  deuteriation  -  phenylalanine 
and  tyrosine  residues  in  TF1  were  almost  fully 
deuteriated,  whereas  the  deuteriation  level  for 
lysine  residues  was  well  below  the  mean  level  of 
80%  deuteriation. 

The  use  of  ‘isotopic  heterodimers’  allowed  us 
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not  only  to  distinguish  between  inter-  and  in¬ 
tramonomer  interactions,  but  also  shows  extreme 
promise  for  application  to  our  studies  of  TF1- 
DNA  complexes.  Because  we  had  a  high-res¬ 
olution  structure  of  a  homologous  protein  upon 
which  to  base  our  model  of  TF1,  we  were  able  to 
use  ‘isotopic  heterodimers’  of  selectively 
deuteriated  variants  to  verify  certain  expected 
intermonomer  interactions.  If  this  were  not  the 
case,  we  would  have  had  to  produce  many  more 
than  eight  variants  to  explore  all  possible  interac¬ 
tions  between  the  amino  acid  types.  In  terms  of 
the  costs  and  time  required  to  generate  and 
analyze  all  of  the  required  selectively  deuteriated 
‘heterodimers’,  the  use  of  a  13C/12C  ‘hetero¬ 
dimer’  would  be  extremely  advantageous.  In¬ 
deed,  for  distinguishing  between  inter-  and  in¬ 
tramonomer  interactions  in  TF1,  the  use  of  such 
a  ‘heterodimer’  proved  to  be  an  appealing  solu¬ 
tion  because  not  only  are  all  intermonomer 
interactions  observed  in  the  spectrum  of  one 
sample,  but  the  need  to  quantitate  relative  NOE 
intensities  was  not  required.  In  addition,  analysis 
of  the  data  from  the  double  half-filter  NOESY 
experiment  yielded  more  intermonomer  interac¬ 
tions  than  we  obtained  from  the  selectively 
deuteriated  ‘heterodimers’.  Because  of  the  larger 
number  of  intermonomer  contacts,  even  in  the 
double  half-filtered  NOESY  spectrum  there  are 
still  some  overlapping  crosspeaks  due  to  reso¬ 
nance  degeneracy.  We  are  attempting  to  over¬ 
come  this  ambiguity  by  forming  a  TF1  ‘hetero¬ 
dimer’  composed  of  a  uniformly  15N-labeled 
monomer  and  a  uniformly  1 3  C,1  ^-double- 
labeled  monomer  for  use  with  a  three-dimension¬ 
al  heteronuclear  half-filtered  NOESY  experi¬ 
ment  in  which  the  intermonomer  NOESY  cros¬ 
speaks  can  be  further  resolved  according  to 
amide  nitrogen  resonance  frequencies. 

The  structure  of  TF1  that  was  determined 
using  our  NMR-derived  constraints  is  very  simi¬ 
lar  to  our  preliminary  model  based  on  the 
Z3sf.HU  structure  -  a  homodimeric  protein  with  a 
core  formed  from  two  helices  from  each  mono¬ 
mer,  wrapped  by  two  three-stranded  /3-sheets, 
each  of  which  leads  into  the  hypothesized  DNA- 
binding  /3-ribbons.  Other  similarities  include  the 
fact  that  the  most  rapidly  exchanging  amide 


protons  are  in  the  DNA-binding  /3-ribbons,  sug¬ 
gesting  that  these  are  the  most  structurally  flex¬ 
ible  domains  in  TF1,  and  were  also  the  region 
with  the  highest  R  values  in  the  Z3sf.HU  crystal 
structure  [3].  There  are,  however,  differences 
between  the  calculated  and  model  structures  - 
the  first  helix  is  shorter  by  two  residues,  the 
second  helix  starts  and  ends  earlier  than  in  the 
crystal-based  structure,  the  /3-strands  are  slightly 
different,  and  the  terminal  nine  amino  acids  in 
TF1  that  are  not  present  in  Z3sf.HU  extend  the 
third  a-helix  to  the  C-terminus.  A  comparison  of 
secondary  structure  elements  between  the  crystal 
structure  and  the  NMR  analysis  of  Z3sf.HU  [4] 
with  our  NMR  analysis  of  TF1  is  shown  in  Fig.  8. 
As  can  be  seen,  the  structural  agreement  in  these 
three  analyses  is  very  good,  suggesting  that  other 
homologous  DBPII  will  have  the  same  general 
structure. 

A  calculation  of  potential  charge  distribution 
on  the  solvent-accessible  surface  of  the  NMR- 
derived  TF1  structure  presents  a  possible  mecha¬ 
nism  for  the  recognition  of  hmU  nucleotides  and 
for  DNA  bending.  A  patch  of  positive  charge 
exists  in  a  /3-ribbon  saddle  formed  from  the 
extension  of  the  two  three-stranded  /3-sheets  into 
the  DNA-binding  /3-ribbons.  Near  the  ends  of 
these  ^-ribbons  are  the  phenylalanine  residues  at 
position  61.  In  all  other  DBPII,  an  arginine 
residue  is  absolutely  conserved  at  this  position. 
Substitution  of  Phe61  with  arginine  abolishes 
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Fig.  8.  A  comparison  of  secondary  structure  analysis  of  TF1 
and  Bst. HU  [4]  by  NMR  spectroscopy.  23sf.HU  secondary 
structure  elements  as  determined  by  X-ray  crystallography  [3] 
are  indicated  below  the  sequences.  Conserved  residues  are 
identified  by  capital  letter  in  the  5irf.HU  sequence.  a-Helices 
are  indicated  by  the  solid  boxes,  /3-sheets  by  dashed  boxes. 
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preferential  binding  to  hmU-containing  DNA  by 
TF1  [5].  Furthermore,  deletion  of  the  nine  amino 
acids  at  the  C-terminus  drastically  reduces  TFl’s 
ability  to  bind  to  either  hmU-  or  thymine-con¬ 
taining  DNAs  [5].  We  hypothesize  that  DNA 
binds  to  the  positively  charged  saddle,  leaving 
the  /3-ribbons  and  C-terminal  helices  spatially 
disposed  in  a  manner  that  suggests  that  these  two 
structural  motifs  are  capable  of  bending  and 
‘holding’  the  DNA  across  the  face  of  TF1  on 
either  side  of  the  saddle  with  hmU  recognition 
occurring  via  Phe61.  We  are  currently  investigat¬ 
ing  this  possible  mechanism  by  studying  com¬ 
plexes  of  TF1  with  DNA  oligomers  containing 
either  hmU  or  thymine.  In  order  to  observe  only 
intermolecular  contacts,  we  are  using  a  uniformly 

C-labeled  TF1  homodimer  in  conjunction  with 
the  unlabeled  DNA  oligomers  (the  cost  of  iso- 
topically  enriching  DNA  in  NMR  quantities  is 
overwhelmingly  prohibitive).  In  this  case,  a  dou¬ 
ble  half-filtered  NOESY  experiment  will  allow  us 
to  rapidly  identify  TF1  residues  that  are  directly 
involved  in  contacts  with  the  DNA.  Employing 
the  standard  double  half-filter  pulse  sequence 
[21,22]  will  also  allow  us  to  selectively  observe 
either  intra-TFl  or  intra-DNA  NOEs  and  thus 
evaluate  any  structural  changes  in  either  interact¬ 
ing  molecule.  These  studies  are  underway. 

We  have  demonstrated  a  strategy  for  structural 
NMR  investigations  involving  a  combination  of 
selective  deuteriation  and  heteronuclear  half-fil¬ 
tered  experiments.  This  approach  should  be 
generally  applicable  not  only  for  the  study  of 
dimeric  DNA-binding  proteins,  but  also  for 
studying  other  larger  proteins  and  their  complex¬ 
es  with  other  molecules.  Heteronuclear  experi¬ 
ments  can  also  yield  a  wealth  of  information 
concerning  protein  dynamics,  which  serves  to 
indicate  and  underscore  the  continuing  develop¬ 
ment,  evolution  and  future  directions  for  applica¬ 
tions  of  biomolecular  NMR  spectroscopy. 
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Abstract 

The  structures  of  the  lac  repressor  headpiece  and  of  its  complex  with  an  11  base-pair  lac  half-operator  have  been 
determined  by  NMR  spectroscopy.  By  15N  relaxation  studies  the  dynamic  behaviour  of  the  free  protein  and  of  the 
protein  in  the  complex  could  be  established.  In  the  three-helical  lac  headpiece  local  backbone  mobility  was  detected 
in  the  N-terminal  and  C-terminal  peptide  regions  and  in  the  loop  between  helices  II  and  III.  Upon  DNA  binding 
this  loop  becomes  more  rigid  and  it  changes  its  conformation  considerably.  The  specificity  of  the  protein-DNA 
interaction  follows  from  a  large  number  of  hydrogen-bond  and  hydrophobic  interactions  between  amino  acid  side 
chains  and  DNA  backbone  and  bases.  Restrained  molecular  dynamics  calculations  suggest  that  some  of  these 
interactions  are  dynamic  in  nature. 

Keywords:  NMR  spectroscopy;  Protein-DNA  interaction;  Flexibility  and  dynamics;  Lac  repressor;  Lac  operator 


1.  Introduction 

The  recognition  of  DNA  sequences  by  pro¬ 
teins  lies  at  the  heart  of  many  cellular  processes, 
such  as  gene  regulation,  replication  and  DNA 
repair.  Therefore,  the  mechanism  of  protein- 
DNA  interaction  constitutes  a  major  problem  in 
molecular  biology.  Approaches  to  this  problem 
range  from  biochemical  and  genetic  studies 
(mutagenesis  of  DNA-binding  proteins)  to  the 
application  of  the  methods  of  structural  biology 
(X-ray  crystallography  and  NMR  spectroscopy). 
In  the  early  1980s,  the  first  crystal  structures 
became  available  for  a  number  of  bacterial 
proteins  such  as  A  and  cro  repressors  and  CAP 
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(for  recent  reviews  see  [1-3]).  NMR  spectros¬ 
copy  started  to  contribute  around  1985  with  the 
structure  elucidation  of  the  lac  repressor  head- 
piece  [4]  and  a  low  resolution  structure  of  the 
headpiece-operator  complex  in  1987  [5].  While 
the  first  structures  all  contained  a  helix-turn-helix 
motif  as  the  essential  DNA-binding  subdomain, 
later  a  plethora  of  DNA-binding  motifs  was 
characterized  including  zinc-fingers,  leucine  zip- 
ers,  helix-loop-helix  proteins  and  even  fi -sheet 
DNA-binding  proteins.  NMR  has  significantly 
contributed  to  this,  since  DNA-binding  domains 
of  proteins  are  often  relatively  small  indepen¬ 
dently  folded  domains  that  can  be  expressed  and 
studied  separately.  Thus,  in  particular  for  the 
various  subclasses  of  zinc-fingers,  the  first  struc¬ 
tural  information  came  from  NMR.  This  was  the 
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case  for  the  TFIIIA-type  zinc  fingers  [6,7]  for  the 
nucleocapsid  proteins  [8]  and  for  the  nuclear 
hormone  receptors  [9,10].  Often  a  combination 
of  various  biochemical  and  genetic  methods  with 
structural  work  is  most  fruitful  for  understanding 
protein-DNA  recognition  on  a  molecular  level. 
X-Ray  or  NMR  structures  of  protein-DNA  com¬ 
plexes  allow  an  interpretation  of  the  results  of 
mutagenesis,  which  would  be  very  difficult  in  the 
absence  of  structural  data.  Conversely,  binding 
affinities  of  mutant  proteins  or  DNA  variants 
give  insight  in  the  importance  of  the  various 
interactions  seen  in  X-ray  or  NMR  structures  in 
terms  of  the  free  energy  of  binding. 

The  lac  repressor  is  a  case  in  point.  For  this 
system  over  the  years  an  enormous  body  of 
biochemical  and  genetic  data  has  been  gener¬ 
ated,  which  can  now  be  interpreted  in  structural 
terms.  A  staggering  number  (thousands)  of  mu¬ 
tants  has  been  characterized,  mostly  by  the  work 
of  Miller  [11]  and  Lehming  et  al.  [12].  In  par¬ 
ticular,  mutant  proteins  with  altered  DNA-bind- 
ing  specificity  are  informative  in  this  respect. 
With  recent  structure  refinement  of  the  lac 
headpiece-operator  complex  by  NMR,  this  work 
can  be  put  on  a  firm  structural  footing  [13].  In 
this  chapter  we  shall  discuss  the  lac  repressor- 
operator  system  as  an  example  to  illustrate  the 
NMR  approach  to  protein-DNA  recognition. 


2.  Lac  repressor  headpiece 

The  lac  repressor  of  E.  coli  is  a  tetrameric 
protein  of  molecular  weight  154  000.  The  native 
repressor  is  too  large  for  high-resolution  NMR 
studies.  However,  each  subunit  has  a  separate 
DNA-binding  domain  (headpiece)  that  can  be 
cleaved  off  by  proteolytic  enzymes  [14].  The 
amino  acid  sequence  of  the  N-terminal  region  is 
shown  in  Fig.  1.  Depending  on  the  proteolytic 
enzyme  used,  headpieces  can  be  prepared  con¬ 
taining  51,  56  or  59  amino  acid  residues  (HP  51, 
HP  56  or  HP  59).  These  headpieces  retain  their 
original  three-dimensional  structure  and  their 
ability  to  recognize  the  lac  operator  specifically 
[15].  The  trypsin-resistant  core  is  involved  in  the 
subunit  interaction  and  contains  the  inducer 
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Fig.  1.  Amino  acid  sequence  of  the  N-terminal  part  of  the  lac 
repressor.  The  cr-helical  regions  as  determined  by  NMR  are 
indicated.  Cleavage  sites  are  shown  of  the  enzymes  clostri- 
pain.  chymotrypsin  and  trypsin,  yielding  headpiece  fragments 
of  5 1 ,  56  and  59  amino  acid  residues,  respectively. 


binding  site.  The  sequence  of  the  natural  lac 
operator  reveals  an  approxiate  twofold  symmetry 
[16]  and  in  agreement  with  that,  two  subunits  of 
the  lac  repressor  suffice  to  recognize  the  lac 
operator  [17].  Therefore  the  lac  repressor  should 
bind  with  two  headpieces  to  each  half  of  the 
operator.  The  lac  headpiece  (HP  51)  was  one  of 
the  first  proteins  for  which  the  three-dimensional 
structure  was  determined  by  NMR  [4,18].  Re¬ 
cently,  the  structure  has  been  refined  using  a 
more  extensive  set  of  constraints  from  NOEs  and 
J-couplings  [19].  The  family  of  structures  is 
shown  in  Fig.  2.  Lac  headpiece  consists  of  three 
helices,  the  first  two  of  which  constituting  the 
helix-turn-helix  motif,  while  the  third  packs 
against  this  subdomain  forming  a  hydrophobic 
core.  It  can  be  clearly  seen  that  the  loop  between 
helix  II  and  III  shows  a  larger  conformational 
variability  than  the  helical  core  of  the  protein. 
From  1:>N  relaxation  data  measured  for  bacterial- 
ly  expressed  HP  56  it  is  clear  that  this  corre¬ 
sponds  to  a  larger  backbone  flexibility  for  the 
loop  region.  As  is  discussed  below  this  flexibility 
is  functional  as  it  allows  the  protein  to  adjust  to 
the  DNA  upon  complex  formation. 


3.  Lac  headpiece-operator  complex 

Lac  operator  of  E.  coli  is  defined  genetically 
as  the  control  region  in  the  lac  operon,  where 
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Fig.  2.  Superposition  of  30  structures  for  the  lac  headpiece 
(residues  3-48).  The  three  a-helices  are  indicated.  The 
structures  were  calculated  using  distance  geometry  and  re¬ 
strained  Molecular  Dynamics  procedures  based  on  ca.  950 
distance  constraints  from  NOEs  and  46  dihedral  angle  con¬ 
straints  [19]. 

operator  constitutive  mutants  occur.  The  region 
protected  by  the  lac  repressor  is  20-25  bp  long, 
with  a  pseudo-dyad  axis  going  through  GC  11 
[16].  It  was  found  later  that  symmetrical  lac 
operators  lacking  the  central  GC  base-pair  bind 
lac  repressor  up  to  an  order  of  magnitude 
stronger  than  the  native  one  [20,21].  The  se¬ 
quences  of  the  operators  and  the  fragments 
discussed  here  are  shown  in  Fig.  3.  The  initial 
NMR  studies  were  made  with  the  14-bp  frag¬ 
ment,  which  turned  out  to  be  the  stronger  bind¬ 
ing  half-operator  as  it  also  occurs  in  the 
symmetrical  operator  (Fig.  3b).  The  binding 
affinity  of  the  isolated  headpiece  with  a  half¬ 
operator  is  not  extremely  high  ( Kd  ~  10  6  M),  so 
that  the  free  and  DNA-bound  forms  are  in  fast 
exchange  on  the  NMR  time-scale.  This  greatly 
helps  in  assigning  the  resonances  in  the  NMR 
spectra  of  the  protein-DNA  complex,  since  the 
resonances  of  the  free  species  can  be  followed  in 
titrations,  either  by  adding,  for  instance,  protein 
to  DNA  or  by  titrating  the  complex  with  increas¬ 
ing  amounts  of  salt,  by  which  it  will  gradually 


-11  5  10  15  20 

T  GG AATTGTGAGCGGAT  AACAATTTCA 
ACCTT  AACACTCGCCT  ATTGTT  AAAGT 


14-  BP  FRAGMENT 


-11  5  10  15  20 

GAATTGTGAGC  *G  CTCACAATTC 
CTT  AACACTCG*C  GAGTGTT  A  AG 


|  11-  BP  FRAGMENT  j 

22-BP  OPERATOR 

Fig.  3.  Sequences  of  native  lac  operator  (a)  [16]  and  ‘ideal’ 
symmetric  lac  operator  (b)  [20,21].  Synthetic  operator  frag¬ 
ments  of  11,  14  and  22  bp  used  in  the  NMR  studies  are 
indicated. 


dissociate.  Fig.  4  shows  one  of  the  most  readily 
accessible  regions  of  a  2D  NOE  spectrum  of  the 
complex  of  F1P  56  with  the  14-bp  operator.  It 
contains  a  window,  where  only  intra-DNA  cross¬ 
peaks  occur  (H6/H8-HT  and  cytosine  H5-H6). 
These  cross-peaks  provided  a  start  for  the  assign¬ 
ment  of  the  DNA  resonances,  as  is  shown  in  Fig. 
4  for  one  strand  by  the  lines  connecting  intra- 
and  internucleotide  cross-peaks.  In  this  way, 
assignments  were  obtained  for  all  non-exchange- 
able  protons  of  the  DNA  in  the  complex,  except 
for  some  of  the  H5'  and  H5"  protons.  The 
general  pattern  of  intra-DNA  NOEs  is  still  that 
of  a  B-DNA  type  conformation.  Also,  most  of 
the  H  resonance  positions  show  small  shifts 
upon  complex  formation,  with  a  maximum  of  0.2 
ppm  for  the  H8  proton  of  G5  and  the  HI'  proton 
of  G7.  These  results  are  also  consistent  with  the 
idea  that  small  adjustments  of  the  DNA  con¬ 
formation  occur.  Similarly,  a  large  number  of  H 
assignments  have  been  made  for  the  protein  part 
of  the  HP  56-14  bp  operator  complex.  For  this,  a 
combination  of  2D  NOE  spectra  and  homonu- 
clear  Hartman-Hahn  (HOHAHA)  spectra  was 
used. 

The  early  low-resolution  structure  of  the  HP 
56-14  bp  operator  complex  was  obtained  by 
docking  the  protein  to  DNA  in  standard  B 
conformation  guided  by  11  NOEs  observed  be¬ 
tween  protein  and  DNA  [5].  This  model  was 
similar  to  other  complexes  of  helix-turn-helix 
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proteins  in  that  helix  II  of  the  headpiece,  the 
‘recognition  helix’  of  the  helix-turn-helix  motif,  is 
inserted  in  the  major  groove  of  DNA  and  makes 
the  majority  of  the  protein-DNA  interactions. 
However,  a  surprising  result  was  that  the  orienta¬ 
tion  of  the  recognition  helix  was  opposite  to  that 
found  in  all  other  known  complexes.  This  means 
that  the  first  helix  points  towards  the  dyad  axis  of 
the  operator,  while  for  other  proteins,  such  as  A 
and  cro  repressors  and  CAP,  it  points  away  from 
it.  Genetic  experiments  by  Lehming  et  al.  [12] 
confirmed  this  different  orientation.  These  au¬ 
thors  constructed  a  lac  repressor  mutant  with  the 


first  two  amino  acids  of  the  recognition  helix 
replaced  by  those  of  gal  repressor  (Tyr  17 
Val,  Gin  18  — ►  Ala).  This  mutant  repressor  had 
high  affinity  for  the  gal  operator,  which  differs 
from  the  lac  operator  at  positions  7  and  9. 
Although  this  already  gives  some  clue  as  to  the 
orientation  of  the  recognition  helix,  a  more 
definitive  result  was  their  finding  of  a  repressor 
mutant  with  Arg  22  replaced  by  Asn,  which  now 
had  specificity  for  a  lac  operator  with  GC5 
replaced  by  TA.  This  fixes  unambiguously  the 
orientation  of  the  recognition  helix  as  the  oppo¬ 
site  of  that  of  cro  and  A  repressors. 
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Studies  of  a  complex  of  two  HP  56  molecules 
with  a  symmetric  22-bp  lac  operator  [22]  showed 
that  the  two  headpieces  bind  independently  and 
in  essentially  the  same  binding  mode  as  they  do 
in  half-operator  complexes.  Therefore,  a  more 
detailed  study  was  made  of  a  complex  with  an 
11-bp  half-operator  (Fig.  3b)  [23].  Based  on  a 
larger  number  of  NOEs,  among  which  39  be¬ 
tween  protein  and  DNA,  a  restrained  molecular 
dynamics  refinement  of  the  headpiece  operator 
complex  was  carried  out  [13].  Some  statistics  of 
the  calculation  are  shown  in  Table  1.  We  note 
that  the  protein-DNA  complex  was  put  in  a  box 
containing  over  3000  water  molecules  to  which 
salt  ions  were  added,  and  periodic  boundery 
conditions  were  applied.  Inclusion  of  solvent  was 
felt  necessary  for  a  reliable  simulation  and  also 
because  water  molecules  may  play  an  important 
role  in  the  interface  between  protein  and  DNA. 
A  fairly  long  equilibration  of  60  ps  was  necessary 
primarily  to  equilibrate  the  ion  distribution 
around  the  complex.  Then  a  85-ps  trajectory  was 
used  for  analysis.  In  addition  an  annealing  pro¬ 
cedure  was  undertaken  in  order  to  assess  the 
precision  of  the  structure  determination.  This 
consisted  of  heating  the  complex  to  1000  K  and 
letting  it  cool  down  to  300  K  in  a  5-ps  RMD 
calculation  followed  by  energy  minimization.  Six 
structures  were  obtained  by  this  procedure  using 
different  snapshots  from  the  trajectory  as  starting 
points. 

The  RMD  runs  yielded  a  satisfactory  structure 
for  the  complex  with  a  low  total  energy  (-175  X 


Table  1 

Restrained  molecular  dynamics  refinement  of  the  lac 
headpiece-11  bp  operator  complex 


Start 

Size 

Constraints 


Forcefield 

Trajectory 

Annealing 


Optimized  vacuum  structure 
989  atoms  complex,  28  Na  +  , 
10  CP  3346  waters 
Intra  protein  260 
Intra  DNA  241 
Protein-DNA  39 
GROMOS 
60-ps  equilibration 
85-ps  analysis 
(6X)  1000  K  — »  300  K 

t 

[5  ps] 


103  kJ  mol-1)  while  the  restraint  energy  did  not 
exceed  the  average  thermal  energy.  There  were 
on  average  42  bounds  (out  of  980  total),  which 
were  violated  by  0.5  A  or  more,  mostly  within 
the  DNA  (none  involving  protein-DNA  con¬ 
tacts). 

Among  a  set  of  15  structures,  nine  from  the 
trajectory  and  six  from  the  annealing  procedure, 
the  r.m.s.d.  for  backbone  atoms  for  both  DNA 
and  protein  (residues  4-48  for  the  headpiece) 
with  respect  to  the  mean  was  found  to  be  0.9  A. 
This  value  can  be  considered  as  a  measure  of  the 
precision  of  the  structure  determination.  Fig.  5 
shows  the  average  backbone  confirmation  of  the 
headpiece  in  the  complex  compared  with  that  of 
the  free  protein.  It  is  clear  that  the  loop  between 
helix  II  and  helix  III  has  undergone  a  consider¬ 
able  conformational  change.  In  particular  Asn  25 
changes  its  angles  such  that  the  exit  from 

helix  II  is  quite  different  in  the  free  and  com- 
plexed  protein. 

From  the  analysis  of  the  85-ps  trajectory  a 


Fig.  5.  Backbone  trace  of  the  lac  repressor  headpiece  for  the 
free  protein  (grey  line)  and  the  protein  in  complex  with 
operator  DNA  (dark  line). 
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picture  emerged  of  the  interactions  by  which  the 
lac  operator  is  recognized  by  the  headpiece. 
Apart  from  electrostatic  interactions,  which  are 
probably  non-specific,  a  number  of  hydrogen 
bonds  are  observed  between  protein  and  DNA, 
both  to  the  sugar-phosphate  backbone  and  to  the 
bases.  In  addition  an  extensive  network  of  apolar 
interactions  is  observed  involving  the  side-chains 
of  Tyr  17,  Gin  18  and  Ser  21,  and  the  methyl 
groups  of  Thy  6  and  Thy  8.  These  interactions 
are  schematically  shown  in  Fig.  6.  Two  direct 
hydrogen  bonds  between  amino  acid  side-chains 
and  bases  are  seen,  which  appear  to  be  essential 
for  specific  recognition.  These  are  the  ones 
between  Gin  18  and  Cyt  7  and  between  Arg  22 
and  Gua  5.  Important  anchoring  hydrogen  bonds 
with  DNA  phosphates  include  those  of  the 
amide  NH  of  Leu  6  and  the  side-chain  amide  of 
Asn  25.  These  are  conserved  among  the  whole 
family  of  helix-turn-helix  proteins.  Histidine  29, 
present  in  the  loop  between  helices  II  and  III  is 
involved  in  a  multitude  of  interactions:  electro¬ 
static  interactions  because  of  its  positive  charge, 


Fig.  6.  Schematic  view  of  the  interactions  between  lac  head- 
piece  and  lac  operator.  Shown  are  the  hydrogen  bonds 
between  protein  and  DNA  and  the  apolar  interactions  in  the 
hydrophobic  cluster  formed  by  side-chains  of  Tyr  17,  Ser  21, 
Gin  18  and  the  methyl  groups  of  Thy  6  and  Thy  8.  Thymine 
methyl  groups  are  shown  as  solid  circles,  phosphate  groups 
are  striped  circles  and  protons  in  H-bonds  as  small  circles. 


a  hydrogen  bond  with  a  phosphate  group  and 
van  der  Waals  interactions  with  the  methyl  group 
and  sugar  ring  of  Thy  3.  For  a  more  complete 
description  of  these  interactions  we  refer  to  the 
paper  by  Chuprina  et  al.  [13]. 

4.  Dynamics  of  free  and  complexed  lac 
headpiece 

Using  "N-labeled  HP  56,  the  backbone  dy¬ 
namics  of  the  headpiece  has  been  studied  for  the 
free  protein  and  in  the  complex  with  the 
operator  [19].  Fig.  7  shows  LvN-Tlp  data  for  the 
backbone  amide  nitrogens.  The  N-terminal  and 
C-terminal  region  show  a  larger  mobility  than 
the  core  of  the  protein,  both  in  the  free  and  in 
the  bound  state,  as  evidenced  by  larger  values  of 
Tlp.  Comparing  the  relaxation  data  of  Fig.  7 A 
and  B  it  is  clear  that  in  general  the  Tlp  values  in 
the  complex  are  lower  than  in  the  free  state  due 
to  the  higher  molecular  weight.  However,  more 
significantly,  the  higher  mobility  in  the  loop 
region  around  residue  30  observed  for  the  free 
protein  disappears  in  the  complex.  This  suggests 
that  the  flexible  loop  adapts  itself  to  the  DNA 
and  becomes  more  rigid.  This  behaviour  is  con¬ 
sistent  with  a  negative  change  in  heat  capacity 
upon  complex  formation,  which  was  interpreted 


residue  number 

Fig.  7.  ‘"N-T^'s  of  the  amide  nitrogens  vs.  residue  number 
for  tree  HP  56  (A)  and  for  HP  56  complexed  to  the  lac 
operator  (B).  The  three  ^-helices  of  the  headpiece  are 
indicated  on  top. 
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by  Spolar  and  Record  [24]  as  a  (partial)  folding 
transition  in  the  repressor.  Based  on  thermo¬ 
dynamic  data  this  adaptability  accompanied  by 
partial  folding  has  been  suggested  to  be  a  more 
general  phenomenon  in  protein-DNA  recogni¬ 
tion  [24].  For  the  lac  headpiece  the  present 
structural  and  relaxation  data  support  this  view. 

Although  part  of  the  protein  backbone  adopts 
a  more  rigid  conformation,  there  is  also  evidence 
for  residual  flexibility  in  the  protein-DNA  inter¬ 
face.  This  comes  from  an  analysis  of  the  re¬ 
strained  MD  trajectory  in  terms  of  hydrogen- 
bonds  between  protein  and  DNA  showing  that 
some  of  these  hydrogen-bonds  are  not  rigid  but 
fluctuate  in  time.  Thus,  while  anchoring  H-bonds 
involving  Leu  6  and  Asn  25  are  formed  close  to 
100%  of  the  time,  the  one  between  Arg  22  and 
Gua  5,  for  instance,  breaks  up  during  the  trajec¬ 
tory  and  is  replaced  by  an  intra-protein  H-bond 
with  Glu  26.  Apparently,  alternative  hydrogen 
bonding  schemes  are  possible  with  very  similar 
energies.  We  believe  that  indeed  protein-DNA 
complexes  are  rather  dynamic  in  nature  and  that 
the  current  more  rigid  picture  of  these  complexes 
needs  correction. 


5.  Comparison  with  genetic  data 

Ebright  [25]  has  demonstrated  that  wild-type 
lac  repressor  with  Gin  18  substituted  by  Gly,  Ser 
and  Leu  loses  the  ability  to  distinguish  between 
the  base  pairs  GC,  TA  and  AT  at  position  7.  In 
contrast,  all  three  substituted  variants  are  able  to 
discriminate  at  position  5,  6,  8,  9,  and  10.  Conse¬ 
quently,  Ebright  proposed  that  Gin  18  contacts 
base  pair  7.  Based  on  the  affinity  of  repressor 
variants  to  operators  with  particular  base  pair 
substitutions  Miiller-Hill  and  co-workers  [26,27] 
suggested  a  direct  contact  between  Arg  22  and 
base  pair  GC  5  in  addition  to  the  Gin  18-GC  7 
contact.  Both  contacts  are  found  in  our  structural 
model. 

From  the  work  of  Caruthers  [28],  a  hydro- 
phobic  interaction  involving  the  methyl  group  of 
Thy  8  is  known  to  be  essential  for  binding  of  the 
lac  repressor.  We  observe  a  stable  interaction 
between  this  methyl  group  and  a  hydrophobic 


pocket  formed  on  the  protein  by  Tyr  17  and  Ser 
21.  The  carbonyl  C8  of  Gin  18  is  also  close  to  the 
Thy  8  methyl.  These  results  correlate  nicely  with 
the  mutant  studies  by  Sartorius  et  al.  [29]  indicat¬ 
ing  that  residues  in  the  fifth  position  of  the 
recognition  helix  (Ser  21  in  wild  type)  contribute 
to  the  recognition  by  residues  1  and  2  (Tyr  17 
and  Gin  18  in  wild  type).  Although  no  firm 
evidence  was  found  for  a  direct  specific  contact 
of  Ser  21  to  any  base  pair,  the  authors  suggested 
that  Ser  21  is  involved  in  the  recognition  of  bp  7 
(our  numbering).  This  is  not  corroborated  by  our 
results. 

Sartorius  et  al.  [27]  concluded  that  the  specific 
binding  of  lac  repressor  mutants  with  amino  acid 
exchanges  at  positions  1  and  2  of  the  recognition 
helix  is  mainly  directed  towards  bp  7  and  to  a 
lesser  extent  towards  bp  6  of  the  lac  operator 
(our  numbering).  This  is  not  incompatible  with 
our  results,  that  show  interactions  between  Gin 
18  and  bp  7,  and  between  Tyr  17  and  bp  6,  8  and 
9.  Interactions  with  bp  8  and  9  have  not  been 
observed  in  the  genetic  studies  by  Sartorius  et  al. 
[27,29],  which  is  probably  due  to  the  fact  that  no 
repressor  mutants  were  identified  with  a  non- 
negligible  affinity  for  any  lac  operator  variant 
substituted  in  bp  8.  Apparently  Thy  8  is  a  crucial 
element  in  repressor-operator  recognition. 
Furthermore,  substitutions  at  positions  1  and  2  of 
the  recognition  helix  apparently  lead  to  re¬ 
arrangements  of  side  chains,  giving  rise  to  amino 
acid-base  pair  correlations  in  complexes  of  mu¬ 
tant  operators  with  mutant  repressors  that  are 
somewhat  different  from  the  correlations  in  the 
wild  type  complex. 

In  our  structure,  Asn  25  makes  a  hydrogen 
bond  contact  with  the  Thy  8  phosphate,  as  has 
been  proposed  by  Sartorius  et  al.  [29]  based  on 
genetic  data.  Thr  19  and  Ser  21  are  also  im¬ 
portant  for  repression,  since  their  substitution 
almost  invariably  leads  to  an  I  mutant  [30].  Our 
data  suggest  that  the  observed  loss  of  repression 
upon  replacement  of  these  amino  acids  may  be 
due  to  loss  of  the  operator  contacts  formed  by 
these  residues.  Thus  Thr  19  appears  to  be  im¬ 
portant  not  only  for  the  protein  tertiary  struc¬ 
ture,  as  suggested  by  Boelens  et  al.  [5],  but  also 
for  DNA  binding.  Ser  21  is  not  only  involved  in  a 
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base  specific  contact  to  Thy  8,  as  discussed 
above,  but  in  a  phosphate  contact  as  well. 

We  can  conclude  that  our  structure  of  the  lac 
headpiece-operator  complex  agrees  very  well 
with  the  genetic  data  and  indeed  provides  a  basis 
for  a  detailed  interpretation  of  these  data  in 
structural  terms. 
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Abstract 

Experimental  studies  in  rodents  using  chemical  carcinogens  and  viral  oncogenes  show  a  high  susceptibility  to 
malignant  transformation.  Analytical  epidemiological  studies  have  revealed  an  increased  risk  of  human  brain  tumor 
development  in  association  with  certain  occupations  but,  with  the  exception  of  therapeutic  X-irradiation,  attempts 
to  identify  a  specific  exposure  or  causative  environmental  agent  have  so  far  been  unsuccessful.  Thus,  endogenous 
mutations  and  genetic  factors  may  play  a  more  important  role.  This  view  is  supported  by  recent  studies  on  the 
nature  of  DNA  alterations  in  human  brain  tumors.  More  than  70%  of  p53  mutations  observed  during  glioma 
progression  are  G:C-»A:T  transitions,  predominantly  at  CpG  sites,  i.e.  likely  to  be  produced  by  deamination  of 
5-meC  or  related  spontaneous  mechanisms.  No  specific  mutations  or  mutational  hot  spots  were  found  which  could 
be  suggestive  of  environmental  carcinogens  operative  in  the  etiology  of  human  brain  tumors.  A  similar  pattern  of 
mutation  is  found  in  colon  cancer,  sarcomas,  and  lymphomas,  i.e.  neoplasms  with  largely  unknown  etiology.  This  is 
similarly  true  for  p53  germline  mutations  which  again  show  a  strong  preference  for  G:C^  A:T  transitions  at  CpG 
sites. 

Keywords:  Neuro-oncogenesis;  Nitroso  compounds;  Viral  oncogenes;  Retroviral  vectors;  Cancer  epidemiology; 
Gliomas;  p53;  Germline  mutations 


1.  Introduction 

Although  brain  tumors  amount  to  less  than 
2%  of  all  malignant  neoplasms  and  thus  consti¬ 
tute  a  small  fraction  of  the  overall  human  cancer 
burden,  their  clinical  significance  is  considerable. 
A  significant  proportion  of  central  nervous  sys¬ 
tem  (CNS)  neoplasms  affects  children  in  which 
tumors  of  the  nervous  system  (including  retino- 
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blastomas  and  peripheral  neuroblastomas)  rank 
second  in  incidence  after  leukemias.  In  recent 
years,  considerable  progress  has  been  made  in 
the  understanding  of  tumor  evolution  in  the 
CNS,  particularly  in  the  areas  of  immunology 
and  molecular  genetics  of  gliomas.  However,  the 
etiology  of  brain  tumors  is,  with  the  exception  of 
familial  cancer  syndromes  involving  the  nervous 
system,  still  largely  unknown.  In  the  following  we 
will  briefly  review  the  current  body  of  knowl¬ 
edge,  in  the  fields  of  experimental  animal  studies, 
epidemiology  and  molecular  genetics. 
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2.  Chemical  neuro-oncogenesis  in  experimental 
animals 

Several  classes  of  chemical  carcinogens  have 
been  shown  to  selectively  induce  tumors  in  the 
rodent  nervous  system.  The  most  effective  com¬ 
pounds  are  simple  alkylating  agents,  in  particu¬ 
larly  nitrosourea-derivatives  which  cause  CNS 
neoplasms  in  rats  after  systemic  administration 
[1],  Dialkyl-aryltriazenes  [2]  and  azo-,  azoxy-  and 
hydrazo  compounds  [3]  are  similarly  effective. 
Ethylnitrosourea  (ENU)  and  related  ethylating 
agents  are  particularly  powerful  when  adminis¬ 
tered  as  a  single  (pulse)  dose  transplacentally  or 
shortly  after  birth  [4].  With  these  agents,  the 
susceptibility  of  the  rat  CNS  begins  at  the  10th 
prenatal  day  (E10),  increases  gradually  and 
reaches  its  maximum  at  birth  when  a  single  dose 
is  approximately  50  times  more  effective  than  in 
adult  rats.  After  birth,  the  susceptibility  of  the 
CNS  decreases  and  reaches  that  of  adult  rats  at 
approximately  1  month.  A-Nitrosomethylurea 
and  related  methylating  agents  produce  a  high 
incidence  of  CNS  neoplasms  when  given  as 
multiple  small,  weekly  doses  to  adult  rats.  Brain 
tumors  induced  by  alkylating  agents  have  been 
classified  as  oligodendrogliomas  (originating 
from  the  white  matter),  astrocytomas  and  mixed 
gliomas  (originating  from  the  subependymal 
plate).  ENU-induced  neoplasms  previously 
classified  as  ependymomas  express  the  neuronal 
marker  synaptophysin  and  may  thus  better  be 
termed  primitive  neuroectodermal  tumors  with 
neuronal  differentiation.  In  addition,  trans¬ 
placental  and  perinatal  exposure  causes  the  in¬ 
duction  of  a  high  incidence  of  malignant  schwan¬ 
nomas  of  the  cranial  and  peripheral  nerves  [4]. 

Malignant  transformation  by  alkylating  agents 
is  thought  to  result  from  interaction  of  the 
ultimate  carcinogen,  i.e.  a  methyl  or  ethyl  cation, 
with  cellular  DNA.  The  major  promutagenic 
base  is  06-alkylguanine  which  causes  G:C^  A:T 
transition  mutations.  Repair  by  the  O6- 
alkylguanine-DNA  alkyltransferase  occurs  much 
less  efficiently  in  the  brain,  i.e.  the  target  tissue, 
than  in  the  liver  and  other  extraneural  tissue  [5]. 
This  was  thought  to  be  the  mechanism  of  prefer¬ 
ential  induction  of  nervous  system  tumors  but 


the  CNS  of  mice  and  gerbils  showed  a  similar 
repair  deficiency  although  ENU  and  related 
agents  do  not  have  a  significant  neuro-oncogenic 
potential  in  these  species  [5].  So  far,  no  trans- 
formation-associated  gene  has  been  identified  to 
play  a  role  in  the  evolution  of  ENU-induced 
CNS  tumors.  In  particular,  ras  or  p53  mutations 
were  not  found  in  these  neoplasms.  In  contrast, 
the  genetic  basis  of  ENU-induced  schwannomas 
has  been  elucidated.  These  tumors  invariably 
contain  aT^A  transversion  in  the  transmem¬ 
brane  domain  of  the  neu  proto-oncogene  [6]. 

3.  Viral  oncogenes 

In  an  effort  to  identify  the  specific  molecular 
changes  responsible  for  induction  of  gliomas,  we 
have  established  a  grafting  technology  to  directly 
introduce  activated  (viral)  oncogenes  into  neuro¬ 
ectodermal  precursor  populations  in  vivo.  Single 
cell  suspensions  prepared  from  fetal  rat  brains 
were  infected  with  replication-defective  retrovi¬ 
ral  vectors  encoding  oncogenes  and  injected  into 
the  caudoputamen  of  adult  rats.  Given  the  fre¬ 
quent  finding  of  activated,  overexpressed  or 
deregulated  tyrosine  kinase  oncogenes,  we 
reasoned  that  it  might  be  interesting  to  study  the 
consequence  of  widespread  activation  of  on¬ 
cogenes  belonging  to  the  ‘intimate’  src  family. 
These  oncogenes  share  various  structural  and 
functional  characteristics,  and  many  of  them  are 
highly  expressed  in  the  developing  nervous  sys¬ 
tem  and  in  some  human  and  experimental  neuro¬ 
ectodermal  tumors.  This  family  of  oncogenes  is 
still  growing,  and  now  the  following  members  are 
known:  c -src,  c -fynf  c -yes,  and  c -yrk.  To  deregu¬ 
late  the  activity  of  these  tyrosine  kinase  proteins 
we  exploited  a  viral  oncogene,  the  middle  T 
antigen  of  polyoma  virus  (mT).  Although  mT 
lacks  an  enzymatic  activity,  it  is  capable  of 
forming  a  protein  complex  with  several  members 
of  the  src  family  and  of  upregulating  their 
tyrosine  kinase  activity. 

The  middle  T  antigen  of  polyoma  virus  lacks 
an  enzymatic  activity  but  is  capable  of  forming  a 
protein  complex  with  several  members  of  the  src 
family  and  of  upregulating  their  tyrosine  kinase 
activity.  In  rats  carrying  transplants  expressing 
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the  polyoma  middle  T  antigen  we  observed 
endothelial  hemangiomas  in  the  graft  which  in 
70%  of  the  recipient  animals  led  to  fatal  cerebral 
hemorrhage  within  13-50  days  after  transplanta¬ 
tion  [7].  Rats  that  did  not  die  from  ruptured 
hemangiomas  developed  anaplastic  gliomas  after 
several  months.  It  appears  that  the  rapid  induc¬ 
tion  of  hemangiomas  is  induced  by  middle  T 
alone,  whereas  delayed  glioma  induction  requires 
additional  genetic  alterations. 

Since  polyoma  mT  activates  src ,  we  introduced 
into  fetal  brain  cells  the  v-src  oncogene  of  the 
Rous  sarcoma  virus.  Expression  of  the  v-src  gene 
caused  astrocytic  and  mesenchymal  tumors  with 
a  70%  incidence  after  latency  periods  of  2-6 
months,  but  no  endothelial  lesions.  It  was  found 
by  in  situ  hybridization  that  these  oncogenes  are 
expressed  in  cells  belonging  to  all  types  repre¬ 
sented  in  the  graft,  indicating  that  cell-type 
specific  transformation  is  due  to  differential 
susceptibility  of  the  respective  target  cell  to  the 
oncogenes,  rather  than  selective  integration  or 
expression  of  the  retroviral  construct  [7]. 

While  retroviral  vectors  containing  the  ras 
oncogene  produced  a  low  incidence  of  anaplastic 
gliomas,  v-myc  alone  was  unable  to  induce 
malignant  transformation.  However,  constructs 
containing  ras  plus  myc  proved  very  effective, 
causing  the  induction  of  multiple,  highly  anaplas¬ 
tic  tumors  within  a  few  weeks  after  transplanta¬ 
tion  [8].  In  this  model  system,  we  could  also 
demonstrate  the  co-operation  of  myc  and  a 
chemical  carcinogen  (ENU)  in  the  induction  of 
CNS  neoplasms  [9].  Tumors  induced  by  SV40 
large  T  antigen  showed  a  high  degree  of  similari¬ 
ty  with  the  human  medulloblastoma,  a  malignant 
embryonal  tumor  of  childhood.  SV40-like  se¬ 
quences  have  indeed  been  observed  in  pediatric 
brain  tumors  but  so  far  this  has  not  led  to  the 
identification  of  the  responsible  viral  pathogen. 
The  highly  efficient  gene  transfer  by  retroviral 
vectors  into  fetal  brain  transplants  provides  a 
challenging  experimental  strategy  to  study  dif¬ 
ferentiation  and  oncogenesis  in  the  CNS  and  may 
also  become  useful  in  assessing  the  organ-specific 
transforming  activity  of  specific  p53  mutations 
observed  in  spontaneous  and  inherited  human 
neuroectodermal  neoplasms. 


4.  Epidemiology  of  human  brain  tumors 

In  Western  Europe  and  North  America,  there 
are  about  5-9  new  cases  of  primary  CNS  tumors 
per  100  000  inhabitants  each  year.  Approximate¬ 
ly  half  of  these  are  of  glial  origin.  In  multi-racial 
countries,  whites  are  more  frequently  affected 
than  persons  of  African  or  Asian  descent.  Males 
are  more  frequently  affected  than  females  (M/F 
ratio,  1.4:1)  with  the  exception  of  the  usually 
benign  meningiomas. 

Analytical  epidemiological  studies  have  re¬ 
vealed  an  increased  risk  of  brain  tumor  develop¬ 
ment  in  association  with  certain  occupations,  e.g. 
in  farmers,  dentists,  fire  fighters,  metal  workers 
and  in  the  rubber  industry  but  attempts  to 
identify  a  specific  exposure  or  causative  environ¬ 
mental  agent  have  been  unsuccessful  [10].  The 
somewhat  increased  incidence  of  CNS  neoplasms 
in  anatomists  and  embalmers  pointed  to  a  pos¬ 
sible  role  of  formaldehyde  but  in  an  industrial 
setting  exposure  to  this  weak  carcinogen  is  not 
associated  with  an  increased  risk  [11].  Similarly, 
multicentre  studies  have  not  substantiated  the 
hypothesis  that  occupational  exposure  to  vinyl 
chloride  and  electromagnetic  fields  carries  an 
enhanced  risk  of  brain  tumor  development  [12]. 
However,  therapeutic  irradiation  of  the  brain, 
particularly  in  children,  can  lead  to  the  develop¬ 
ment  of  malignant  gliomas  or  primitive  neuroec¬ 
todermal  tumors  after  an  interval  of  usually  6-9 
years  [13]. 

5.  Molecular  genetics  of  human  brain  tumors 

Some  genotoxic  carcinogens  cause  typical  or 
even  specific  mutations  in  transformation-associ¬ 
ated  genes  and  thereby  allow  conclusions  regard¬ 
ing  the  causative  agent  operative  in  the  initiation 
of  the  respective  neoplasms.  We  have,  therefore, 
analyzed  p53  mutations  as  a  possible  potential 
source  of  information  on  the  etiology  of  human 
CNS  neoplasms. 

5.1.  Glioma  progression 

Astrocytic  brain  tumors  (with  the  exception  of 
the  pilocytic  astrocytoma)  have  an  intrinsic  ten¬ 
dency  to  progress  towards  a  more  malignant 
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phenotype  and  to  ultimately  acquire  the  histo- 
pathological  and  clinical  characteristics  of  a 
glioblastoma.  There  is  increasing  evidence  that 
astrocytoma  progression  reflects  the  sequential 
accumulation  of  genetic  alterations.  The  identifi¬ 
cation  of  these  events  and  the  assessment  of  their 
roles  in  malignant  transformation  are  essential 
for  our  understanding  of  evolution  of  as¬ 
trocytomas  and  are  prerequisite  for  therapeutic 
approaches  at  the  molecular  level. 

Diffusely  infiltrating  low-grade  astrocytomas 
(WHO  Grade  II)  have  an  intrinsic  tendency  to 
progress  to  anaplastic  astrocytoma  (WHO  Grade 
III)  and  glioblastoma  (WHO  Grade  IV).  This 
change  is  due  to  the  sequential  acquisition  of 
genetic  alterations,  several  of  which  have  recent¬ 
ly  been  identified.  In  low-grade  astrocytomas, 
p53  mutations  with  or  without  loss  of  hetero¬ 
zygosity  on  chromosome  17p  are  the  principle 
detectable  change.  Anaplastic  astrocytomas  con¬ 
tain  p53  mutations  at  an  overall  incidence  of 
34%  and,  in  addition,  loss  of  heterozygosity  on 
chromosome  19q  and  frequent  homozygous  dele¬ 
tion  of  the  pl6  tumor  suppressor  (MTS-1)  gene. 
The  most  malignant  astrocytic  neoplasm,  the 
glioblastoma,  further  shows  loss  of  chromosome 
10  and  amplification  of  the  epidermal  growth 
factor  receptor  (EGF-R)  gene  at  overall  inci¬ 
dences  of  66  and  34%,  respectively  [14,15]. 

5.2.  Type  and  distribution  of  p53  mutations  in 
astrocytic  brain  tumors 

In  sporadic  astrocytic  brain  tumors,  p53  muta¬ 
tions  are  mainly  located  in  the  highly  conserved 


region  of  the  gene,  with  clusters  at  codons  175, 
248  and  273  [14,16].  These  codons  are  among  the 
6  hot  spots  found  in  a  variety  of  human  tumors 
[17-19].  Among  p53  mutations  identified  in 
astrocytic  brain  tumors,  G:C^A:T  transitions 
are  most  frequent  and  they  are  predominantly 
located  at  CpG  sites  (Table  1).  These  patterns  of 
p53  mutations  are  similar  to  those  in  colon 
cancer,  sarcomas  and  lymphomas  but  different 
from  those  in  non-small-cell  lung  cancer  (SCLC) 
and  liver  cancer  which  are  considered  to  be 
associated  with  tobacco-related  carcinogens  and 
aflatoxin  Bl,  respectively  [14,15,18].  The  transi¬ 
tion  mutations  at  CpG  sites  can  best  be  ex¬ 
plained  as  being  due  to  the  deamination  of  5- 
methylcytosine  residues  and  considered  to  be 
endogenous,  i.e.,  not  caused  by  genotoxic  en¬ 
vironmental  carcinogens.  In  summary,  no  specific 
mutations  or  mutational  hot  spots,  which  could 
be  suggestive  of  environmental  carcinogens 
operative  in  the  etiology,  were  found  in  human 
brain  tumors. 

5.3.  Brain  tumors  associated  with  p53  germline 
mutations 

Until  now,  91  families  with  germline  p53 
mutations  have  been  reported,  with  a  total  of  475 
tumors  in  affected  family  members  [unpub¬ 
lished].  Breast  cancer  developed  most  frequently, 
followed  by  sarcomas,  brain  tumors,  and 
neoplasms  of  the  gastro-intestinal  tract.  Brain 
tumors  occurred  in  39  out  of  91  pedigrees  (43%). 
Of  the  57  brain  tumors  recorded,  25  (45% )  were 
not  specified  histologically.  Of  the  remaining,  22 


Tabic  1 


Frequency  of  G:C-»A:T  transition 

mutations 

in  the  p53  gene  in  human  brain 

tumors 

Mutations  at  G:C  (%) 

^A:T  -^T:A 

— »C:G 

G:C  — » A:T  transition 
at  CpG  sites  (% ) 

Brain 

73 

5 

0 

52 

Colon 

79 

0 

3 

67 

Sarcoma 

66 

7 

7 

53 

Lymphoma 

57 

4 

4 

47 

Germline  mutations 

64 

13 

2 

49 

Lung:non-SCLC 

20 

57 

13 

10 

Liver 

16 

74 

5 

0 

Adapted  from  Ohgaki  et  al.  [15]  and  Hollstein  et  al.  [18], 


P.  Kleihues  et  al.  /  Toxicology  Letters  82183  (1995)  601-605 


605 


(73%)  were  of  astrocytic  origin.  This,  together 
with  the  observation  of  frequent  p53  mutations 
in  sporadic  astrocytomas  [14],  strongly  supports 
the  view  that  loss  of  p53  function  carries  a  risk  of 
malignant  transformation  for  astrocytes  more 
than  any  other  cell  type  of  the  human  nervous 
system. 

Among  p53  germline  mutations  in  91  families, 
point  mutations  causing  amino  acid  substitutions 
were  most  frequent  (81%).  Among  these, 
G:C->A:T  transition  mutations  prevailed  and 
77%  of  them  were  located  at  CpG  sites  (Table 
1).  Thus,  the  type  of  p53  germline  mutations  was 
similar  to  that  found  in  sporadic  astrocytic  brain 
tumors,  suggesting  that  these  germline  p53  muta¬ 
tions  may  also  have  evolved  endogenously  rather 
than  as  a  consequence  of  interaction  with  en¬ 
vironmental  carcinogens. 
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Abstract 

The  availability  of  in  vivo  transgenic  mouse  mutagenesis  assays  provides  the  opportunity  to  study  the  induction  of 
mutations  that  reflects  the  integration  of  pharmacokinetics,  biotransformation,  DNA  repair  responses,  and  tissue 
susceptibilities.  Transgenic  mice  containing  in  vivo  marker  genes  for  mutagenicity  within  shuttle  vectors  also  permit 
the  determination  of  the  resulting  mutational  spectra  in  tissues  of  mice  following  exposure  to  mutagens  and 
carcinogens.  Exposure  of  B6C3F!  lacl  transgenic  mice  to  the  rodent  carcinogen  1,3-butadiene  by  inhalation  results 
in  an  increase  in  the  overall  lad  mutant  frequency  in  bone  marrow  with  an  increased  frequency  of  point  mutations 
at  A:T  base  pairs.  These  studies  demonstrate  the  utilization  of  transgenic  mouse  models  for  establishing  linkages 
between  exposure  to  carcinogens,  internal  tissue  dose,  and  in  vivo  mutational  events. 

Keywords :  lad ;  1,3-Butadiene;  Transgenes;  Mutation  spectrum 


1.  Introduction 

There  is  a  need  to  improve  the  process  of 
carcinogen  identification  and  to  further  our  un¬ 
derstanding  of  human  risk  from  exposure  to 
carcinogens.  Transgenic  models  represent  new 
experimental  tools  to  address  these  needs.  Trans¬ 
genic  animals  are  constructed  using  molecular 
genetics  techniques  to  produce  animals  that  have 
functional  genes  added  to  the  genome,  contain 
marker  genes  to  assess  in  vivo  effects,  or  have 
alterations  of  specific  genes  believed  to  be  in¬ 
volved  in  disease  processes.  Transgenic  model 
systems  should  improve  detection  of  mutagens 
and  potential  carcinogens,  aid  in  developing 
predictive  systems  for  carcinogenic  activity  that 
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are  knowledge  based,  and  reduce  animal  usage 
[1].  In  addition,  transgenic  model  systems  will 
provide  improved  biomedical  tools  for  toxico¬ 
logical  assessments,  chemically  induced  mecha¬ 
nisms  of  disease,  and  exposure-dose  extrapola¬ 
tions  [2]. 

Numerous  transgenic  animal  models  have 
been  developed  for  studying  cancer  processes  [3]. 
At  present,  many  of  these  animals  are  used  for 
studies  of  carcinogenesis,  since  they  permit  the 
assessment  of  gene  mutations  induced  in  vivo, 
contain  activated  oncogenes,  or  contain  inacti¬ 
vated  tumor  suppressor  genes  that  are  believed 
to  be  involved  in  tumor  development.  General 
conclusions  from  these  animal  models  include 
the  focal  nature  of  the  observed  tumors  and  their 
variable  latency  periods,  a  cooperation /interac¬ 
tion  between  transgenes  in  tumor  development,  a 
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variable  and  often  strong  strain  influence  on 
transgene-induced  neoplastic  responses,  and  a 
differential  response  to  carcinogen  exposure. 
Ultimately,  transgenic  animals  may  aid  in  iden¬ 
tifying  critical  genetic  alterations  required  for 
specific  tumor  formation  and  how  chemical  car¬ 
cinogens  can  act  to  modulate  these  steps.  As 
advances  are  made  in  the  use  and  characteriza¬ 
tion  of  transgenic  models,  the  future  challenge  is 
to  appropriately  use  the  information  in  improv¬ 
ing  estimations  of  human  health  risks.  Significant 
progress  in  assessing  in  vivo  mutations  following 
carcinogen  exposure  has  been  made  with  trans¬ 
genic  mouse  models.  This  review  demonstrates 
the  utility  of  one  such  in  vivo  mutagenesis  model 
for  assessing  carcinogen  exposure-dose-response 
linkages. 

2.  Transgenic  mice  for  studies  of  in  vivo 
mutagenesis 

Transgenic  mouse  models  containing  a  A  phage 
shuttle  vector  with  bacterial  genes  (e.g.,  lacZ  or 
lacl)  inserted  as  mutational  targets  integrated 
into  the  mouse  genome  are  being  used  as  in  vivo 
gene  mutation  assays  [4,5].  These  in  vivo  trans¬ 
genic  mouse  mutagenicity  assays  provide  unique 
opportunities  for  studying  the  induction  of  tis¬ 
sue-specific  mutations  that  reflect  the  integration 
of  pharmacokinetics,  biotransformation,  DNA 
repair,  and  tissue  susceptibility.  Such  endogenous 
processes,  likely  to  be  modulators  of  in  vivo 
mutagenicity,  are  not  readily  reproduced  using  in 
vitro  cell  culture  mutagenicity  assays.  In  addition, 
the  relationship  between  chemically  induced  in 
vivo  cytotoxicity,  cell  proliferation  and  muta¬ 
genicity  can  also  be  examined  in  transgenic  mice 
[6].  The  mutated  lac  transgenes  can  be  se¬ 
quenced  to  assess  the  types  and  specificity  of 
mutations  and  the  role  of  clonal  expansion  in  the 
induction  of  in  vivo  mutagenicity  [7]. 

Our  laboratory  is  utilizing  transgenic  mice  to 
establish  linkages  between  exposure  to  the  ro¬ 
dent  carcinogen  1,3-butadiene  (BD),  internal 
target  tissue  dose,  and  in  vivo  mutation  [7,8].  BD 
is  carcinogenic  and  genotoxic  in  B6C3F,  mice 
following  inhalation  exposure  [9,10],  We  have 
exposed  B6C3F,  lacl  transgenic  mice  to  BD  by 


inhalation  and  have  determined  the  in  vivo 
mutagenicity  and  the  mutational  spectra  at  the 
lacl  transgene  recovered  from  the  bone  marrow. 

3.  In  vivo  lacl  mutant  frequency  in  BD- 
exposed  mice 

Male  B6C3F,  lacl  transgenic  mice  were  ex¬ 
posed  to  62.5,  625,  and  1250  ppm  BD  for  4  weeks 
(5  days/week  and  6  h/day),  and  animals  were 
euthanized  2  weeks  after  the  final  exposure. 
DNA  was  extracted  from  the  bone  marrow,  and 
mutagenicity  at  the  lacl  transgene  was  deter¬ 
mined  [5].  The  resulting  lacl  mutants  were  sub¬ 
jected  to  DNA  sequence  analysis  to  determine 
the  BD-in  vivo  mutational  spectrum  and  to 
assess  the  contribution  of  in  vivo  clonal  expan¬ 
sion  to  the  lacl  mutant  frequency  [7,8]. 

BD  was  mutagenic  in  the  bone  marrow  follow¬ 
ing  inhalation  exposure  [8].  A  concentration-de¬ 
pendent  increase  in  the  lacl  mutant  frequency 
occurred  in  the  bone  marrow,  with  up  to  a  4-fold 
increase  above  that  for  air-control  mice  at  625 
ppm  and  1250  ppm  BD  (Table  1).  The  lacl 
mutants  counted  from  each  animal  were  col¬ 
lected.  Following  DNA  sequence  analysis,  the 
type  of  mutational  event  and  its  position  within 
the  lacl  gene  was  recorded  to  determine  the 
mutational  spectra. 

4.  In  vivo  lacl  mutational  spectrum  in  air- 
control  and  BD-exposed  B6C3Fj  lacl 
transgenic  mice 

4.1.  Background  mutational  spectra  in  bone 
marrow 

Of  the  56  lacl  mutants  isolated  from  air-con¬ 
trol  animals,  45  (80%)  were  considered  to  be 
independent  mutational  events  by  DNA  se¬ 
quence  analysis  of  the  lacl  transgene,  lacl  mu¬ 
tants  with  identical  mutations  isolated  from  the 
same  animal  were  assumed  to  be  mutant  siblings 
and  were  considered  to  be  one  in  vivo  mutational 
event  (Table  2).  Single  base  substitutions  ac¬ 
counted  for  41/45  (91%)  of  the  background 
mutations,  with  base  substitution  at  G:C  base 
pairs  compromising  39/41  (95%).  Of  28  G:C  -> 
A:T  transitions,  23  (82%)  occurred  at  CpG 
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Table  1 

lad  mutant  frequency  in  bone  marrow  of  B6C3F,  transgenic  mice  following  inhalation  exposure  to  BD 


Animal  no. 

BD  exposure  (ppm) 

lad  plaques /total  plaques 

lad  mutant  frequency  (X 10  3) 

2 

0 

33/887  005 

3.7 

3 

0 

30/754  006 

4.0 

4 

0 

33/854  421 

3.9 

mean  ±  S.D. 

3.8  ±  0.1a 

7 

62.5 

26/526  463 

4.9 

8 

62.5 

37/503  254 

7.4 

9 

62.5 

49/522  958 

9.4 

mean  ±  S.D. 

7.2  ±  2.2a 

11 

625 

146/658  599 

22.2 

12 

625 

80/773  213 

10.3 

13 

625 

100/740  697 

13.5 

mean  ±  S.D. 

15.3  ±  6.1a 

16 

1250 

90/549  709 

16.4 

18 

1250 

59/544  276 

10.8 

20 

1250 

65/496  665 

13.1 

13.4  ±  2.8a 

aMean  ±  S.D. 


Table  2 

lad  mutations  recovered  from  the  bone  marrow  of  B6C3F,  lad  transgenic  mice:  air  controls  and  groups  exposed  to  625  and  1250 


ppm  BD 


Point  mutations 

Air-control 
mutations  (%) 

Mutations  at 

625  ppm  (%) 

Mutations  at 

1250  ppm  (%) 

At  G:C  base  pairs 
GC-^AT 

28  (62) 

11 (42) 

19(39) 

GC-~>TA 

9(20) 

3(12) 

8(16) 

GC— » CG 

2(4) 

4(15) 

3(6) 

At  A:T  base  pairs 

AT— »GC 

1(2) 

4(15) 

5(10) 

AT^CG 

1(2) 

0 

1(2) 

AT-aTA 

0 

2(8) 

4(8) 

Multibase  alterations 
Tandem  change 

0 

0 

1(2) 

Insertions 

1(2) 

0 

4(8) 

Deletions 

3(7) 

2(8) 

4(8) 

Total 

45 

26 

49 

The  in  vivo  mutant  frequency  determined  for  the  data  are  reported  in  Sisk  et  al.  [8]. 


dinucleotides.  G:C  -»  A:T  transitions  at  CpG  4.2.  Mutational  spectra  in  BD-exposed  mice 
dinucleotides  are  a  common  mutation  involved  in  A  total  of  54  lacl  mutants  isolated  from  bone 

the  in  vivo  background  lacl  mutational  spectrum,  marrow  of  animals  exposed  to  625  ppm  BD  were 

and  likely  result  from  the  deamination  of  analyzed  by  DNA  sequencing  (Table  2).  Of  54 

methylated  cytosines  at  5'-CpG-3'.  Only  2/45  mutants  analyzed,  26  (48%)  were  independent 

(4%)  of  the  mutations  recovered  in  the  air-  mutational  events.  In  1  animal  from  the  BD- 

control  animals  were  base  substitution  mutations  exposed  group  (animal  no.  11),  mutant  siblings 
at  A:T  base  pairs.  accounted  for  80%  of  all  the  mutants  analyzed, 
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i.e.,  only  20%  of  the  mutants  analyzed  from 
animal  11  were  independent.  As  observed  in 
air-control  animals,  24/26  (92%)  of  the  mutants 
analyzed  contained  single  base  substitution  mu¬ 
tations.  In  contrast  to  the  spectrum  of  point 
mutations  observed  in  air  controls,  6/26  (23%) 
of  the  point  mutations  determined  in  BD-ex- 
posed  mice  occurred  at  A:T  base  pairs. 

A  total  of  74  lacl  mutants  isolated  from  the 
bone  marrow  of  lacl  transgenic  mice  exposed  to 
1250  ppm  were  sequenced  and  analyzed  for  the 
presence  of  mutations.  Of  the  74  mutants  ana¬ 
lyzed,  49  (66% )  were  considered  to  be  indepen¬ 
dent  mutational  events  (Table  2).  Of  the  lacl 
mutations  recovered  from  the  bone  marrow,  40/ 
49  (82%)  were  point  mutations;  30/49  (61%) 
were  point  mutations  at  G:C  base  pairs,  while 
10/49  (20%)  were  point  mutations  at  A:T  base 
pairs.  The  increases  observed  for  point  mutations 
at  A:T  base  pairs  in  the  present  work  are 
consistent  with  those  previously  observed  in  lacl 
mice  exposed  to  625  ppm  BD  [8].  Examination 
of  the  DNA  sequence  context  of  the  A:T  site 
mutations  demonstrated  the  presence  of  the 


BD  exposure  level  (ppm) 

Fig.  1.  Distribution  of  the  lacl  mutation  frequency  among  the 
total  frequency  of  mutations  occurring  at  G:C  base  pairs  (•) 
and  A:T  base  pairs  (O).  The  data  for  625  ppm  BD  are  from 
Sisk  et  al.  [8].  The  contribution  of  each  mutational  type  to  the 
lad  mutation  frequency  was  calculated  from  the  mutation 
frequency  and  the  percentage  of  point  mutations  occurring  at 
either  G:C  or  A:T  base  pairs.  The  points  plotted  are  the 
mean  values  for  these  mutational  types  for  each  exposure 
group.  *Significantly  greater  than  air  controls  (P<0.05)  by 
ANOVA.  At  1250  ppm  for  G:C  base  pairs,  P  =  0.053. 


dinucleotide  ‘AC’  in  10/15  (67%)  of  the  sites  of 
A:T  base  pair  mutations  in  BD-exposed  animals. 

There  was  no  significant  difference  in  the 
distribution  of  mutational  types  between  the  625 
ppm  and  1250  ppm  BD-exposed  group  (ANOVA 
P<0.05).  There  were  no  apparent  differences  in 
the  frequency  of  complex  mutations  (deletions, 
insertions,  and  tandem  changes)  between  air- 
control  and  BD-exposed  lacl  mice.  There  was  an 
increase  in  point  mutations  occurring  at  G:C  and 
A:T  base  pairs  with  exposure  of  BD  (Fig  1). 
However,  only  the  frequency  of  point  mutations 
at  A:T  base  pairs  for  625  ppm  and  1250  ppm  BD 
was  shown  to  be  significantly  greater  than  the  air 
controls  (PcO.Ol).  The  frequency  of  mutations 
at  A:T  base  pairs  in  BD-exposed  lacl  mice  was 
more  than  10-fold  over  the  air  controls.  The 
associated  P  value  for  an  increased  frequency  of 
mutations  at  G:C  base  pairs  relative  to  air 
controls  was  P  =  0.53  at  the  1250-ppm  exposure 
group. 

5.  Discussion 

Transgenic  mice  containing  shuttle  vectors 
provide  a  unique  opportunity  for  assessing  the  in 
vivo  mutant  frequency  and  the  resulting  muta¬ 
tional  spectra  in  tissues  of  mice  exposed  to 
carcinogens.  We  used  exposure  levels  known  to 
induce  tumors  and  the  same  strain  of  mouse 
(B6C3Fj)  utilized  in  the  carcinogenicity  bioassay 
of  BD  to  assess  the  in  vivo  mutagenicity  of  BD. 
Studies  on  the  in  vivo  mutational  spectra  of  BD 
can  contribute  to  the  understanding  of  mecha¬ 
nisms  of  BD-induced  mutations  and  the  role  of 
mutagenicity  in  the  carcinogenicity  of  BD. 
Specific  point  mutations  in  the  K -ras  oncogene 
[11]  and  the  p53  tumor  suppressor  gene  [12] 
occur  in  BD-induced  tumors  in  B6C3Ft  mice, 
indicating  that  specific  gene  mutation  could  be  a 
likely  step  in  the  induction  of  tumors  in  mice 
exposed  to  BD.  Although  these  studies  primarily 
focus  on  gene  mutation  events,  BD  clearly  can 
also  induce  a  variety  of  chromosomal  alterations 
in  mice  and  this  can  influence  the  formation  of 
tumors  [10]. 

This  work  has  demonstrated  an  increased 
frequency  of  point  mutations  at  A:T  base  pairs  at 
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the  lacl  transgene  in  B6C3F!  mice  exposed  to 
BD.  The  origin  of  the  increased  frequency  of 
mutations  at  A:T  base  pairs  in  BD-exposed  lad 
mice  is  at  present  uncertain  [7,8].  An  increased 
frequency  of  mutation  at  A:T  base  pairs  also 
occurs  in  hprt  mutant  T  lymphocytes  isolated 
from  B6C3FJ  mice  exposed  to  BD  [13],  and 
mutations  at  A:T  base  pairs  in  the  tumor  sup¬ 
pressor  gene  p53  occur  in  BD-induced  lung 
tumors  [12]. 

There  was  a  slight  increase  in  the  frequency  of 
point  mutations  at  G:C  base  pairs  at  1250  ppm 
BD.  Therefore,  it  is  apparent  that  BD  induces 
point  mutations  at  both  G:C  and  A:T  base  pairs. 
Although  guanosine  and  adenosine  adducts  have 
been  reported  following  in  vitro  reactions  of  BD 
metabolites  with  DNA  [14,15],  a  comprehensive 
evaluation  of  BD-derived  DNA  adducts  either  in 
vitro  or  in  vivo  is  not  available.  Because  BD 
bioactivation  in  mice  produces  2  genotoxic  me¬ 
tabolites  with  different  potencies,  it  is  necessary 
to  evaluate  the  mutagenicity  and  mutational 
spectrum  of  each  metabolite  independently  to 
assess  its  role  in  the  in  vivo  mutagenicity  and 
mutational  spectrum  of  the  parent  compound 
BD. 

Determination  of  the  in  vivo  lad  mutant 
frequency  in  the  tissues  of  transgenic  mice  is  an 
approach  to  assessing  tissue-specific  mutagenicity 
and  mutational  spectra  following  carcinogenic 
exposures.  The  lad  mutant  frequency  obtained  is 
likely  to  be  modulated  by  a  number  of  factors, 
including  tissue-specific  concentrations  of  muta¬ 
genic  metabolites,  the  quantities  and  sites  of 
different  adducts,  tissue-specific  DNA  repair 
pathways,  and  cellular  proliferation  rates  in  dif¬ 
ferent  tissues.  The  in  vivo  proliferation  of  a 
mutated  cell  will  give  rise  to  mutant  siblings  and 
a  clonal  expansion  of  the  initial  mutational  event. 
Mutant  siblings  and  their  clonal  expansion  can 
also  affect  the  in  vivo  lad  mutant  frequency. 
However,  DNA  sequence  analysis  can  be  used  to 
assess  the  contribution  of  mutant  siblings  to  the 
lad  mutant  frequency  [7,8]. 

These  studies  demonstrate  an  increased  fre¬ 
quency  of  in  vivo  point  mutations  occurring  at 
A:T  base  pairs  following  BD  inhalation  expo¬ 
sures  in  B6C3F!  lad  transgenic  mice.  Since  BD 


also  induces  a  variety  of  in  vivo  chromosomal 
alterations  in  mice,  these  data  indicate  that  BD 
can  induce  in  vivo  genotoxicity  by  several  mecha¬ 
nisms.  How  these  differing  pathways  of  genotox¬ 
icity  and  their  induction  by  specific  BD  metabo¬ 
lites  contribute  to  the  induction  of  tumors  in 
BD-exposed  mice  is  uncertain. 
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Abstract 

A  good  experimental  model  of  genetic  predisposition  to  hepatocellular  tumors  is  the  murine  strain  C3H.  These 
tumors  share  morphologic  similarities  with  human  hepatocellular  tumors.  After  a  treatment  with  a  single  small  dose 
of  chemical  carcinogen,  the  C3H  mice  show  a  high  susceptibility  to  the  growth  of  hepatocellular  neoplastic  lesions, 
that  reach  a  volume  >  100-fold  as  compared  to  the  corresponding  lesions  of  genetically  resistant  strains.  Genetic 
linkage  analysis  experiments  were  conducted  in  2  different  crosses,  with  the  C3H  as  one  of  the  parental  strains,  and 
the  other  parental  strains  being  represented  by  mice  genetically  resistant  to  hepatocarcinogenesis  (A/J,  M.  spretus ). 
Six  different  regions,  on  chromosomes  2,  5,  7,  8,  12,  and  19  showed  a  significant  linkage  with  hepatocellular  tumor 
development.  These  results  provide  the  genetic  basis  for  the  strain  variations  seen  in  susceptibility  to  hepato¬ 
carcinogenesis,  indicating  polygenic  inheritance  of  this  trait. 

Keywords:  Liver  carcinogenesis;  Mice;  Susceptibility;  Resistance 


1.  Introduction 

The  C3H  and  CBA  murine  inbred  strains 
present  a  high  spontaneous  incidence  of  hepato¬ 
cellular  tumors,  whereas  other  strains  (A, 
BALB/c,  C57BL/6,  SWR)  develop  spontaneous 
liver  tumors  at  a  very  low  rate  (Table  1).  Both 
CBA  and  C3H  strains  arose  in  1920  from  a  single 
cross  of  the  Bagg  and  DBA  lines  [1,2].  This 
common  origin,  along  with  the  subsequent  phylo¬ 
genetic  analysis,  confirms  the  close  relationship 
between  CBA  and  C3H  mice,  [3],  and  suggests 
that  the  same  genetic  alteration(s)  are  respon¬ 
sible  for  the  high  susceptibility  to  hepato¬ 
carcinogenesis  (HCC)  evident  in  both  strains. 


*  Corresponding  author. 


Although  the  C3H  strain  exhibits  a  high  inci¬ 
dence  of  spontaneous  HCC,  it  does  not  show  any 
sign  of  liver  cirrhosis  or  liver  dysfunction  that 
could  be  associated  with  its  genetic  susceptibility. 

Susceptibility  to  liver  carcinogenesis  is  a  domi¬ 
nant  or  a  semi-dominant  genetic  trait.  In  fact,  FI 
mice  derived  from  parents  whom  are  both  sus¬ 
ceptible  to  HCC  (CBA  X  C3H)  retain  the  paren¬ 
tal  susceptibility.  FI  hybrids  between  susceptible 
and  resistant  mice  are  susceptible.  FI  progeny 
from  mice  resistant  to  HCC  are  resistant,  except 
for  a  single  case  where  the  129XDBA/2  mice 
had  an  increased  incidence  of  liver  tumor  with 
respect  to  both  parents  (Table  1). 

One  outbred  strain,  the  CF-1,  is  also  character¬ 
ized  by  a  high  susceptibility  to  spontaneous  and 
chemically  induced  HCC  [4].  However,  outbred 
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Table  1 


Murine  inbred  strains  with  different  susceptibility  to  the  development  of  spontaneous  hepatocellular  tumors 


Strain /hybrid3 

%  Liver  tumor 
incidence  (range) 

Duration  of  the 
experiment  (range)b 

Reference 

129/ J 

0 

LS 

[30] 

(129  x  DBA/2)F1 

19 

LS 

[30] 

A/He 

0 

12  months 

[31] 

(A/J  X  C57BL/10)F1 

2 

LS 

[30] 

BALB/c 

0-9 

1  year-140  weeks 

[5,32] 

C3H 

14-67 

1  year-LS 

[5,6,30,33.34] 

(C3HeB/FeJ  X  A/J)F1 

8 

142  weeks 

[7] 

C57BL 

0-3 

1  year-LS 

[5,6,30] 

(C57BL/6J  x  BALB/c)Fl 

0-4 

80-1 10  weeks 

[8,35] 

(C57BL/6J  x  C3H)F1 

7-44 

90-142  weeks 

[6-8,36] 

CBA 

15-23 

1  year-LS 

[5.30] 

(CBA  X  C3H)F1 

24 

1  year 

[5] 

(CBA  X  C57BL/10)F1 

7 

LS 

[30] 

DBA/2J 

1 

LS 

[30] 

IF 

0 

1  year 

[5] 

LP/J 

6 

LS 

[30] 

(LPX  129)F1 

7 

LS 

[30] 

(LP  X  C57BL/10)F1 

7 

LS 

[30] 

(LP  X  DBA/2)F1 

9 

LS 

[30] 

SWR 

0 

100  weeks 

[6] 

a  Male  mice  only. 
b  LS,  lifespan. 


strains  in  general  are  much  less  suitable  for 
genetic  studies  than  inbred  strains. 

Strains  that  are  genetically  susceptible  to 
spontaneous  hepatocellular  tumor  development 
are  also  particularly  susceptible  to  chemical  car¬ 
cinogen-induced  HCC.  Indeed,  they  develop 
earlier  and  more  liver  tumors  than  genetically 
resistant  ones  [5-10]. 

2.  Phenotype  analysis 

In  recent  years,  identification  of  the  chromo¬ 
somal  localization  of  genes  responsible  for  im¬ 
portant  human  inherited  diseases  was  the  first 
step  toward  positional  cloning  and  characteriza¬ 
tion  of  these  genes. 

In  the  case  of  liver  carcinogenesis,  suscep¬ 
tibility  is  not  a  discrete  trait  but  rather  refers  to 
quantitative  values.  For  this  reason,  mapping  the 
gene(s)  responsible  for  high  susceptibility  to 
HCC  requires  the  definition  of  quantitative  in¬ 
dexes  of  tumor  susceptibility.  Quantitative  esti¬ 
mates  of  liver  neoplastic  lesions  are  performed 
by  stereological  methods  that  allow  mathematical 


extrapolation  to  3  dimensions  from  2-dimension¬ 
al  data.  These  methods  allow  estimation  of 
tumor  frequency  and  size.  This  is  important 
because  the  susceptible  phenotype  may  result 
from  a  genetic  effect  on  either  initiation  (high 
tumor  number)  or  on  progression  (high  tumor 
size)  steps. 

Quantitative  indexes  of  susceptibility  that  we 
are  currently  using  include  the  number  of 
nodules  /cm3  liver  (N/cm3),  the  mean  volume  of 
nodules,  and  the  percentage  of  liver  volume 
occupied  by  nodules  (V%).  N/cm3  represents  an 
estimate  of  tumor  frequency,  the  mean  volume 
of  nodules  represents  an  estimate  of  tumor  size, 
and  V%  represents  an  estimate  of  both  tumor 
frequency  and  size,  (i.e.,  it  represents  the  volume 
fraction  of  liver  occupied  by  tumors).  Suscep¬ 
tibility  to  HCC  among  strains  showed  wide 
variations,  depending  on  the  parameters  ex¬ 
amined,  e.g.,  tumor  incidence,  tumor  multiplicity, 
and  tumor  size  [6,9,11-13]. 

Indeed,  we  and  other  groups  have  previously 
reported  that  genes  affecting  susceptibility  to 
murine  HCC  control  the  progression  (tumor 
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size)  but  not  the  frequency  (tumor  number)  of 
carcinogen-induced  liver  tumors  [9,11,14].  Ac¬ 
cordingly,  microscopic  liver  foci  induced  by  the 
carcinogen  ethylnitrosourea  (ENU)  had  about  a 
3-fold  higher  labelling  index  in  C3H/HeJ  than  in 
C57BL/6J  mice  [11].  However,  another  report 
showed  no  correlation  between  labelling  index 
and  susceptibility  [15]. 

3.  Genetic  analysis 

Drinkwater  and  Ginsler  [10]  have  proposed  a 
2-loci  (named  hepatocarcinogen  sensitivity ,  Hcs) 
model  to  explain  the  difference  in  susceptibility 
to  N-nitrosodiethylamine  (NDEA)  and  ENU- 
induced  liver  carcinogenesis  between  the  C3H/ 
He  and  C57BL/6J  strains.  One  locus  accounted 
for  about  80%  of  the  greater  sensitivity  of  C3H/ 
He  mice,  suggesting  that  the  other  locus  plays  a 
minor  role. 

In  order  to  identify  the  loci  involved  in  inher¬ 
ited  predisposition  to  murine  HCC,  we  per¬ 
formed  a  liver  carcinogenesis  experiment  in  an 
F2  cross  between  the  resistant  A/J  and  the 
susceptible  C3H/He  strains.  The  resulting 
AC3F2  male  mice  were  treated  with  a  single 
dose  of  urethane  and  then  kept  under  observa¬ 
tion  until  40  weeks  of  age. 

The  percentage  of  liver  volume  occupied  by 


nodules  (V%)  was  used  as  a  quantitative  index 
of  susceptibility  to  liver  carcinogenesis.  This 
index  differs  from  one  parental  strain  to  the 
other  by  a  factor  >100  [14],  making  the  elucida¬ 
tion  of  genes  affecting  the  susceptibility  trait 
possible.  We  investigated  the  segregation  of  liver 
tumor  susceptibility  with  genetic  markers  dis¬ 
persed  over  the  entire  array  of  autosomes. 

Three  genomic  regions  important  in  determin¬ 
ing  quantitative  variation  in  liver  tumor  suscep¬ 
tibility  were  identified  on  chromosomes  7,  8,  and 
12.  We  named  these  loci  Hcsl,  Hcs2 ,  and  Hcsl , 
respectively  [16]  (Table  2).  Hcsl  (chromosome 
7)  and  Hcsl  (chromosome  8)  derived  from  the 
C3H/He  strain,  and  Hcsl  was  unexpectedly 
associated  with  the  A/J  allele. 

In  this  genetic  linkage  study,  the  low  genetic 
divergence  and  the  consequent  low  degree  of 
polymorphism  between  the  parental  strains  made 
it  difficult  to  identify  genetic  markers  in  any  of 
the  chromosomal  regions.  To  improve  the  possi¬ 
bility  of  finding  polymorphic  markers,  we  re¬ 
peated  the  experiment  in  an  interspecific  cross 
that  included  the  M.  spretus  mice,  a  strain 
evolutionarily  distant  from  laboratory  mice, 
which  offers  a  great  level  of  allelic  polymor¬ 
phism.  Thus,  we  crossed  the  liver  tumor  suscep¬ 
tible  C3H/He  strain  with  the  M.  spretus  strain. 
Since  we  had  no  information  on  the  susceptibility 


Table  2 

Murine  loci  containing  putative  hepatocellular  tumor  susceptibility /resistance  genes,  as  detected  by  genetic  linkage  studies 


Locus 

name 

Chromosome 
(cM,  range) 

Human 

homologous 

region(s) 

Genetic  cross(es) 

Strain  derivation  of  the 
susceptibility  allele 

Reference 

Hcsl 

7 (20-40) 

multiple 

(A/J  X  C3H/He)F2 

C3H/He 

[16] 

Hcsl 

8 (45-56) 

16q 

(A/J  X  C3H/He)F2 

C3H/He 

[16] 

Hcs3 

12 (70-73) 

14q 

(A/J  X  C3H/He)F2 
(C3H/He  X  M.  spretus ) 

A/J 

[16] 

Hcs  A 

2 (76-94) 

20q 

X  C57BL/6J 
(C3H/He  X  M.  spretus) 

C3H/He 

[18] 

Hcs5 

5 (38-45) 

4q 

X  C57BL/6J 
(C3H/He  X  M.  spretus) 

C3H/He 

[18] 

Hcs6 

19 (50-75) 

lOq 

X  C57BL/6J 

M .  spretus 

[18] 

Hcrl 

4  (50-75) 

IP 

(DBA/2J  x  C57BL/6J)F2 
(DBA/2J  X  C57BL/6J) 

X  C57BL/6J 

C57BL/6J 

[19] 

Her 2 

10(31-51) 

multiple 

(DBA/2J  X  C57BL/6J)F2 
(DBA/2J  X  C57BL/6J) 

C57BL/6J 

[19] 

x  C57BL/6J 
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of  the  M.  spretus  strain  to  HCC,  we  made  the 
cross  between  the  (C3H/He  x  M.  spretus) FI 
mice  and  the  C57BL/6J  strain,  which  is  resistant 
to  HCC,  but  whose  FI  hybrids  with  the  C3H/He 
strain  are  genetically  susceptible  [6,17].  The 
resulting  testcross  individuals  (named  HSB  mice) 
were  analysed  to  detect  the  association  between 
susceptibility  to  HCC  and  a  set  of  molecular 
markers. 

The  genetic  linkage  analysis  indicated  that  3 
Hcs  loci  were  significantly  associated  with  the 
liver  tumor  susceptibility  (Table  2).  Hcs4  was 
located  on  chromosome  2;  a  central  region  of 
chromosome  5  contained  the  Hcs5  locus,  and  a 
distal  region  of  chromosome  19  contained  the 
locus  Hcs  6  [18]. 

We  found  that  a  portion  of  the  tumor  suscep¬ 
tibility  trait  was  associated  with  inheritance  of 
the  C3H/He  allele  at  Hcs4  and  Hcs5  loci,  and 
from  inheritance  of  the  M.  spretus  allele  at  the 
Hcs6  locus.  However,  this  kind  of  analysis  cannot 
determine  whether  the  strain  whose  genomic 
region  is  associated  with  susceptibility  carries  a 
susceptibility  gene  or  whether  the  effect  is  due  to 
the  presence  of  a  resistance  gene  contributed  by 
the  other  strain.  The  tumor  frequency  (N/cm3) 
showed  no  significant  linkage  with  any  of  the  232 
genetic  markers,  indicating  that  it  is  not  genetic¬ 
ally  determined,  as  previously  suggested 
[9,11,14]. 

Interestingly,  the  loci  controlling  liver  tumor 
development  that  we  previously  mapped  in  the 
AC3F2  cross,  i.e.,  the  loci  on  chromosomes  7,  8 
and  12,  were  not  detected  in  the  present  cross. 
Since  the  locus  on  chromosome  12,  derived  from 
the  A/J  strain  that  was  absent  in  the  present 
cross,  we  did  not  expect  to  confirm  this  locus  in 
the  HSB  mice.  However,  the  loci  on  chromo¬ 
somes  7  and  8  previously  found  in  the  AC3F2 
mice  and  derived  from  the  C3H/He  parent  were 
not  identified  in  the  present  analysis.  Moreover, 
we  tested  back  on  AC3F2  mice  the  genetic 
markers  of  the  chromosomal  regions  containing 
Hcs  loci  identified  in  the  HSB  cross.  The  corre¬ 
sponding  regions  in  the  AC3F2  sample  did  not 
contain  Hcs  loci  [18]. 

A  possible  explanation  for  the  discrepancies  in 
the  positioning  of  Hcs  loci  in  the  2  crosses  may 
be  due  to  the  different  parental  strains  used. 


Indeed,  if  both  parental  alleles  contain  the  same 
Hcs  locus,  no  differences  can  be  detected  in  the 
phenotype  of  the  test  sample,  since  linkage 
analysis  can  only  detect  Hcs  loci  when  they  are 
retained  in  just  1  of  the  2  segregating  alleles. 
Therefore,  using  M.  spretus  instead  of  the  A/J  as 
one  of  the  parents,  we  have  identified  new 
regions  involved  in  the  determination  of  suscep¬ 
tibility  to  HCC.  More  recently,  2  HCC  resistance 
loci,  Hcrl  and  Hcr2,  carried  by  the  DBA/2J 
mice,  have  been  mapped  on  chromosomes  4  and 
10  [19]. 

The  present  findings  indicate  that  multiple 
unlinked  genetic  loci  control  liver  tumor  de¬ 
velopment  in  mice.  Thus,  inherited  susceptibility 
to  liver  tumor  development  would  represent  a 
new  genetic  model  for  tumor  predisposition, 
characterized  by  the  interaction  of  multiple  loci, 
that,  taken  alone,  provide  a  relatively  low  contri¬ 
bution  that  is  insufficient  to  reveal  the  tumor 
susceptible  phenotype  (phenotypic  variance 
ranging  between  10  and  15%). 

4.  Possible  mechanisms  of  genetic 
predisposition 

4.1.  Loss  of  heterozygosity  (LOH) 

Tumors  from  subjects  with  inherited  familial 
predisposition  to  different  types  of  cancer,  in¬ 
cluding  retinoblastoma,  breast  cancer,  and  famili¬ 
al  adenomatosis  polyposis  (FAP),  are  character¬ 
ized  by  frequent  LOHs  at  the  chromosomal 
regions  where  the  cancer  predisposition  loci  have 
been  mapped.  Because  in  these  subjects  one 
allele  of  the  cancer  predisposition  gene  carries  a 
germ-line  mutation  that  leads  to  a  loss  of  gene 
function,  LOH  represents  a  mechanism  of  in¬ 
activation  of  the  remaining  functional  allele. 

Several  studies  have  reported  a  high  frequency 
of  loss  of  LOH  in  human  HCCs  at  specific 
chromosomal  regions.  The  chromosomes  most 
frequently  involved  are  4pl5-q21,  8p22,  llpl5- 
pl3,  13ql2-q32,  16q22-q24,  and  17pl3.  These 
findings  indicate  that  putative  oncosuppressor 
genes  play  an  important  role  in  human  HCCs. 
Two  of  the  human  chromosomal  regions  fre¬ 
quently  affected  by  LOH  (4p,  16q)  have  their 
homologous  counterparts  on  mouse  chromo¬ 
somes  5  and  8,  where  Hcs5  and  Hcs2,  respective- 
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ly,  have  been  mapped  [16,18].  However,  a 
genome-wide  search  for  LOHs  in  mouse  primary 
HCCs  showed  that  LOHs  are  very  rare  in  any 
chromosomal  region,  including  those  where  Hcs 
loci  have  been  positioned  [20,21]. 

These  results  indicate  that  the  loss  of  the 
normal  function  does  not  presumably  represent  a 
mechanism  of  generation  of  Hcs  alleles.  How¬ 
ever,  cell  cultures  of  mouse  HCCs  showed  in¬ 
stead  a  frequent  occurrence  of  LOHs  on  chromo¬ 
some  4  [21],  in  a  region  where  a  hepatocellular 
tumor  resistance  locus  ( Hcrl )  has  been  mapped 
[19]. 

4.2 .  Genetic  instability 

The  molecular  basis  for  predisposition  to  her¬ 
editary  non-polyposis  colon  cancer  (HNPCC) 
has  been  understood  through  the  observation  of 
its  mutator  phenotype.  Widespread  deletions  or 
insertions  at  mono-,  di-,  and  trinucleotide  repeat 
sequences  were  found  in  a  majority  of  colon 
tumors  from  individuals  with  HNPCC  [22].  This 
phenotype  has  also  been  detected  in  other  types 
of  human  tumors  and  in  mouse  and  rat  colon 
tumors  [23-25].  However,  our  recent  observa¬ 
tions  revealed  that  in  murine  hepatocellular 
carcinomas  short  repeated  sequences  are  genetic¬ 
ally  stable  and  do  not  show  any  increase  or 
decrease  in  the  number  of  repeat  units.  More¬ 
over,  as  shown  in  Fig.  1,  a  highly  unstable 
minisatellite  showed  no  size  alterations  in  tumors 
compared  with  normal  tissue  [20]. 

4.3.  Ha-ras  gene  mutations 

The  frequency  of  Ha-ras  mutations  is  about 
10-fold  higher  in  liver  tumors  developed  in 
genetically  susceptible  strains  than  in  the  corre¬ 


sponding  tumors  of  the  resistant  mice  [26,27]. 
Ha-ras  mutations  appear  as  an  early  event  in  the 
pathogenesis  of  mouse  liver  tumors,  because  they 
are  observed  in  microscopic  preneoplastic  lesions 
[28].  Therefore,  Ha-ras  mutations  may  represent 
a  molecular  alteration  that  could  lead  to  the 
higher  growth  rate  of  liver  tumors  in  the  genetic 
susceptible  than  in  resistant  strains.  Obviously, 
the  Ha-ras  gene  does  not  represent  one  of  the 
Hcs  genes,  because  mutations  are  somatically 
acquired  in  liver  tumors  and  are  not  present  in 
the  germ-line  of  the  C3H  mice. 

To  identify  the  genetic  determinants  of  Ha-ras 
mutations  in  liver  tumors,  we  assessed  the  pres¬ 
ence  of  Ha-ras  mutations  at  codon  61  in  liver 
tumors  induced  by  urethane  in  AC3F2  and  HSB 
mice,  2  genetic  crosses  that  we  have  used  to  map 
Hcs  loci.  In  the  same  crosses  we  have  investi¬ 
gated  the  possible  linkage  of  Ha-ras  mutations 
with  genetic  markers.  However,  in  both  crosses 
we  have  not  found  any  significant  linkage  be¬ 
tween  the  inheritance  of  any  genetic  locus  and 
the  presence  of  Ha-ras  mutations  in  tumors  (data 
not  shown).  The  fact  that  the  linkage  failed  to 
reveal  an  association  between  Ha-ras  mutations 
(a  discrete,  not  quantitative,  trait)  and  genetic 
markers  may  indicate  the  possible  polygenic 
control  of  Ha-ras  mutations.  Therefore,  these 
results  do  not  rule  out  the  genetic  determination 
of  Ha-ras  mutations. 

5.  Conclusions 

Genetic  susceptibility  in  the  murine  model  of 
inherited  predisposition  to  HCC  is  characterized 
by  a  rapid  growth  of  neoplastic  nodules  and  by 
the  consequent  high  risk  of  HCC,  whereas  liver 
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Fig.  1.  Highly  unstable  minisatellite  showing  no  size  alterations  in  the  murine  hepatocellular  tumors  compared  with  the  normal 
tissue.  Inter-individual  instability  is  apparent.  Southern  bolt  hybridization  of  (GGGCA)3  oligonucleotide  to  DNAs  from  control 
tissue  and  urethane-induced  liver  tumors  of  male  HSB  mice.  (Reprinted  by  permission  of  John  Wiley  &  Sons,  Inc.). 
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tumor  frequency  is  not  genetically  determined. 
Multiple  unlinked  genetic  loci  control  liver  tumor 
development,  indicating  that  inherited  predispo¬ 
sition  to  HCC  constitutes  a  polygenic  model  of 
cancer  susceptibility.  The  distinct  genetic  ele¬ 
ments,  taken  alone,  provide  a  low  contribution  to 
the  trait,  but  their  epistatic  or  pleiotropic  effects 
produce  the  susceptible  phenotype. 

At  present,  the  genetic  and  biochemical  mech¬ 
anisms  responsible  for  the  genetic  susceptibility 
to  HCC  are  not  known.  The  frequent  presence  of 
Ha-ras  mutations  in  liver  tumors  of  mice  ge¬ 
netically  susceptible  to  HCC  may  represent  one 
of  the  mechanisms  by  which  these  tumors  grow 
faster  than  the  corresponding  tumors  developed 
in  genetically  resistant  strains. 

The  mouse  liver  tumor  system  is  important  for 
the  risk  assessment  of  potential  carcinogenicity 
of  chemicals  to  humans,  since  the  genetically 
susceptible  B6C3F1  mouse  is  used  in  the  bioas¬ 
say  of  chemicals  for  their  carcinogenicity  under 
the  National  Toxicology  Program  in  the  USA. 
The  understanding  of  the  mechanisms  respon¬ 
sible  for  genetic  susceptibilty  to  HCC  of  the 
C3H/He  strain,  and  the  analysis  of  their  rele¬ 
vance  for  the  pathology  of  human  HCCs,  may 
provide  a  strong  scientific  basis  to  judge  the 
results  of  the  carcinogenicity  bioassays  [29]. 
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Abstract 

A  class  of  genes,  the  so-called  tumor  suppressor  genes  or  anti-oncogenes,  was  originally  identified  as  being 
responsible  for  germ-line  transmission  of  cancer  susceptibility  in  humans.  Tumor  suppressor  genes  are  recessive  at 
the  cellular  level  with  respect  to  oncogenesis  but  often  manifest  as  dominantly  inherited  familial  cancer  syndromes. 
This  type  of  cancer  syndrome  arises  in  the  Eker  rat  due  to  a  genetic  defect  in  the  tuberous  sclerosis  2  ( Tsc2 )  gene. 
The  Eker  rat  familial  cancer  syndrome  serves  as  a  unique  animal  model  in  which  to  study  the  molecular  pathways 
of  renal  tubular  epithelial  carcinogenesis  as  well  as  a  valuable  tool  for  studies  that  examine  how  chemical 
carcinogens  interact  with  cancer  susceptibility  genes. 

Keywords :  Renal  carcinoma;  Suppressor  gene;  Cancer  susceptibility 


1.  Eker  rat  familial  cancer  syndrome 

Although  human  hereditary  cancer  accounts 
for  only  a  small  percentage  of  the  annual  cancer 
incidence,  it  nonetheless  plays  a  critical  role  in 
our  understanding  of  the  genetic  etiology  of 
oncogenesis.  In  humans,  inherited  predisposition 
to  cancer  occurs  as  a  result  of  both  recessively 
and  dominantly  inherited  disorders.  Recessively 
inherited  predispositions  to  familial  cancer,  such 
as  xeroderma  pigmentosum,  are  generally  dis¬ 
orders  of  DNA  repair  and  the  associated  chro¬ 
mosomal  breakage.  These  diseases  predispose  to 
mutations  but  do  not  themselves  lead  to  identifi¬ 
cation  of  the  gene  loci  in  which  alterations 
leading  to  cancer  occur.  The  majority  of  her- 
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editary  cancer  syndromes  are  dominantly  inher¬ 
ited.  Such  predispositions  have  been  shown  to 
occur  as  a  result  of  heterozygous  defects  in 
tumor  suppressor  genes.  These  mutations  are 
recessive,  but  the  probability  that  the  remaining 
normal  allele  will  become  inactivated  (by  a 
variety  of  mechanisms)  is  sufficiently  high  that 
tumors  develop  in  the  majority  of  gene  carriers. 
The  result  is  a  pattern  of  inheritance  in  which  the 
susceptible  phenotype  appears  dominant. 

Eker  and  Mossige  described  a  dominantly 
inherited  cancer  syndrome  in  rats  in  which  bila¬ 
teral  multicentric  renal  cell  carcinoma  (RCC) 
develops  at  an  early  age  [1,2].  RCC  in  these 
animals  was  found  to  arise  as  part  of  a  cancer 
syndrome  in  conjunction  with  the  development 
of  reproductive  tract  leiomyomata  and  vascular 
neoplasms  [3].  The  occurrence  of  multiple 
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specific  tumors  of  diverse  tissue  types  has  been 
commonly  associated  with  human  familial  cancer 
syndromes.  Genetic  analysis  of  Eker  rats  showed 
that  the  familial  tumors  were  due  to  an  alteration 
in  a  single  gene,  which  caused  heterozygote 
carriers  of  the  mutation  to  develop  RCC  with 
complete  penetrance  by  1  year  of  age  [4].  The 
homozygous  condition  resulted  in  embryolethali- 
ty  at  approximately  10  days  of  gestation,  demon¬ 
strating  the  importance  of  the  gene  in  develop¬ 
ment. 

Recently,  the  inherited  mutation  in  the  Eker 
rat  was  cloned  using  a  positional  cloning-candi¬ 
date  gene  approach  [5].  The  cancer  susceptibility 
gene  was  found  to  be  the  rat  homologue  of  the 
tuberous  sclerosis  2  ( Tsc2 )  gene  and  the  muta¬ 
tion  involved  a  6.3-kb  insertion  within  an  intron 
of  the  gene  [6].  It  has  been  postulated  that  the 
Eker  mutation  results  in  functional  loss  of  Tsc2 
and  aberrant  transcription,  leading  to  the  loss  of 
the  rap  1  GAP-like  domain,  contributing  to  car¬ 
cinogenesis.  The  cellular  effects  of  the  Eker 
mutation  provide  strong  evidence  that  rat  Tsc2 
functions  as  a  tumor  suppressor  gene.  Normal 
kidneys  of  heterozygote  Eker  carrier  animals 
express  both  normal  and  abnormal  Tsc2  mRNA, 
but  primary  tumors  and  tumor-derived  cell  lines 
exhibit  only  the  mutant  Tsc2  transcript.  This 
finding  supports  the  concept  that  both  copies  of 
the  normal  gene  must  be  disrupted  before  renal 
tumorigenesis  occurs. 


2.  Cellular  and  molecular  studies  of  hereditary 
rat  renal  cell  carcinoma 

Animal  models  of  carcinogenesis  have  been 
widely  used  to  provide  information  on  molecular 
alterations  that  occur  in  various  types  of  cancer. 
These  models  provide  a  reproducible  and  readily 
available  source  of  tumor  material  and  allow 
access  to  tumors  at  all  stages  of  development. 
Both  normal  and  neoplastic  cells  from  these 
animal  models  can  often  be  explanted  in  vitro 
and  cell  lines  established  from  these  tissues, 
making  it  possible  to  design  an  approach  for 
studying  the  molecular  biology  of  these  tumors 
that  combines  in  vivo  and  in  vitro  techniques. 


The  use  of  animal  models  as  surrogates  for  the 
study  of  human  neoplasms  must  be  based  on  an 
understanding  of  the  similarities  and  differences 
in  specific  tumor  development  between  the  2 
species. 

Rats  have  provided  a  useful  animal  model  for 
the  study  of  human  RCC  due  to  a  number  of 
cellular,  molecular,  and  phenotypic  similarities. 
One  important  similarity  between  human  and  rat 
RCC  is  overexpression  of  transforming  growth 
factor  alpha  (TGF-a),  Normal  rat  proximal 
tubule  epithelial  cells  do  not  express  significant 
amounts  of  TGF-a,  but  this  growth  factor  is 
overexpressed  in  both  primary  Eker  rat  RCC 
and  tumor-derived  cell  lines  [7].  In  human  RCC, 
overexpression  of  TGF-a  has  also  been  reported 
and  acts  as  an  autocrine  growth  factor  for  this 
neoplasm.  Eker  rat  and  human  RCC  share  addi¬ 
tional  similarities.  Tumors  and  tumor-derived 
cell  lines  do  not  contain  alterations  in  the  p53 
tumor  suppressor  gene,  as  determined  by  reverse 
transcriptase,  polymerase  chain  reaction  and 
direct  sequencing  [8].  Activation  of  H-,  K-,  and 
N-ras  oncogenes  is  also  not  observed  in  Eker  rat 
RCC  [9].  The  absence  of  alterations  in  p53  and 
ras  oncogenes  is  analogous  to  what  has  been 
reported  in  human  RCC. 

Recently  we  examined  the  sequence,  expres¬ 
sion  pattern,  and  presence  of  mutations  in  the 
von  Hippel-Lindau  (VHL)  gene  in  neoplasms 
and  tumor-derived  cell  lines  from  Eker  rats  [10]. 
Unlike  the  situation  in  human  RCC  in  which  the 
VHL  tumor  suppressor  gene  is  commonly  al¬ 
tered,  no  mutations  were  found  in  the  rat  homo¬ 
logue  of  the  gene.  The  genetic  alteration  in  Tsc2 
is  a  critical  event  in  the  development  of  her¬ 
editary  RCC  in  the  rat.  The  importance  of  this 
particular  gene  in  man  is  presently  unknown, 
although  there  are  reports  of  a  low  frequency  of 
kidney  tumors  in  tuberous  sclerosis  patients. 
Development  of  tubular  cystic  lesions  is  rela¬ 
tively  common  in  human  tuberous  sclerosis  pa¬ 
tients  and  is  a  common  feature  of  renal  tubular 
tumors  in  Eker  rats.  Interestingly  from  a  com¬ 
parative  oncology  point  of  view,  hereditary  RCC 
in  German  shepherd  dogs  is  associated  with  a 
phakomatosis  similar  to  human  tuberous 
sclerosis,  although  the  genetic  defect  has  not  yet 
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been  elucidated.  Differences  between  rat  and 
human  RCC  with  respect  to  VHL  and  Tsc2  gene 
alterations  warrant  additional  investigation. 

Eker  rats  provide  a  useful  tool  in  which  to 
dissect  the  molecular  mechanisms  underlying 
tubular  epithelial  carcinogenesis.  Early  events 
during  the  histogenesis  of  the  disease  can  be 
identified,  and  then  genotype  can  be  correlated 
with  phenotype  using  classical  techniques  in 
molecular  pathology.  If  one  keeps  in  mind  the 
need  to  ensure  that  the  animal  model  recapitu¬ 
lates  the  pathobiological  and  molecular  features 
of  the  human  disease,  early  events  in  neoplastic 
progression  can  often  be  studied  that  are  difficult 
if  not  impossible  to  derive  from  human  surgical 
and  autopsy  material.  Renal  tubular  epithelial 
carcinogenesis  is  a  disease  for  which  there  is  a 
need  to  use  animal  models  to  study  early  events 
because  these  stages  are  not  recognized  clinically 
in  humans.  Very  early  preneoplastic  stages  in 
tubular  transformation  in  hereditary  RCC  can  be 
identified  in  Eker  rats  [3].  Our  laboratory  has 
shown  that  the  overexpression  of  TGF-a,  which 
is  known  to  occur  in  RCC,  also  occurs  in  pre¬ 
neoplastic  lesions.  Recently,  laser  microdissec¬ 
tion  was  utilized  to  extend  the  finding  of  loss  of 
heterozygosity  in  the  region  of  the  Tsc2  locus  on 
rat  chromosome  10  in  Eker  RCC  to  preneoplas¬ 
tic  renal  tubular  lesions  [11]. 

In  addition  to  providing  a  method  by  which  to 
correlate  specific  cellular  and  molecular  altera¬ 
tions  with  early  phenotype,  studies  of  the  his¬ 
togenesis  of  tumors  in  Eker  rats  should  provide 
clues  regarding  the  development  of  renal  cell 
tumors  within  different  parts  of  the  nephron. 
Considerable  controversy  exists  about  the  site  of 
origin  of  RCC  within  the  nephron.  Determi¬ 
nation  of  the  pathogenesis  of  these  lesions  will 
aid  the  experimental  pathologist  and  toxicologist 
in  understanding  cell  type-specific  susceptibility 
to  chemical  carcinogens.  This  type  of  information 
will  aid  in  cancer  modeling  for  risk  assessment  by 
defining  the  cell  populations  susceptible  for 
transformation.  For  example,  Eker  rat  renal 
tumors  exhibit  markers  of  both  proximal  and 
distal  nephron  [12].  Whether  this  dual  marker 
expression  is  due  to  dedifferentiation  of  trans¬ 
formed  cells  or  if  both  parts  of  the  nephron  are 


subject  to  7sc2-associated  transformation  is  not 
known. 

3.  In  vitro  studies  with  Eker  rat  renal  cells  and 
tumor-derived  cell  lines 

One  useful  attribute  of  animal  models  is  that 
cell  lines  from  tumors  of  interest  can  often  be 
established.  A  panel  of  tumor-derived  cell  lines 
has  been  established  from  Eker  rat  RCC  and  has 
proven  useful  for  cytogenetic  studies.  These 
cytogenetic  experiments  have  demonstrated  that 
specific  alterations  occur  in  rat  chromosomes  4, 
5,  and  6  consisting  of  loss  of  all  or  portions  of 
these  chromosomes  [13].  It  is  likely  that  molecu- 
larly  dissecting  these  chromosomal  regions  will 
lead  to  the  identification  of  additional  genes 
important  in  RCC  development.  Studies  with 
tumor-derived  cell  lines  from  animal  models 
allow  one  to  study  potentially  important  genetic 
alterations  that  can  then  be  examined  in  primary 
tumor  material.  In  this  way,  one  can  determine 
which  genetic  events  are  primary  events  in  the 
tumorigenesis  versus  those  that  are  associated 
with  the  establishment  of  tumor-derived  cell 
lines.  For  example,  recent  studies  with  tumor- 
derived  cell  lines  from  Eker  rat  RCC  suggested 
that  involvement  of  pl5ink4B  and  pl6ink4  is  associ¬ 
ated  with  the  acquisition  of  autonomous  growth 
capacity  in  vitro  and  does  not  appear  to  be 
involved  in  the  primary  tumors  [14]. 

Animal  carcinogenesis  models  often  allow  one 
to  develop  in  vivo  and  in  vitro  approaches  in 
which  to  study  phenomena  associated  with  the 
transformation  process.  This  has  been  the  case 
for  the  Eker  RCC  model.  An  in  vitro  rat  kidney 
epithelial  (RKE)  transformation  assay  for  nor¬ 
mal  rat  kidney  cells  was  established  [15].  In  this 
assay,  a  single  cell  suspension  is  obtained  from  a 
normal  rat  kidney  and  is  plated  into  tissue 
culture  at  clonal  density.  In  the  absence  of 
carcinogen,  normal  cells  proliferate  for  a  short 
period  of  time  but  then  senesce  and  die,  slough¬ 
ing  off  the  dish.  When  cells  are  treated  with  a 
carcinogen,  however,  foci  of  morphologically 
transformed  cells  appear  in  the  dishes  at  6-8 
weeks  with  a  frequency  proportional  to  the  dose 
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of  the  carcinogen.  Transformed  foci  give  rise  to 
immortal  cell  lines  with  tumorigenic  potential. 

This  in  vitro  RKE  transformation  assay  was 
adapted  for  use  in  studying  mechanisms  of  trans¬ 
formation  in  the  Eker  rat  model.  Kidney  epi¬ 
thelial  cells  from  rats  heterozygous  for  the  Eker 
mutation  were  compared  to  kidney  epithelial 
cells  derived  from  wild-type  rats  for  their  in  vitro 
susceptibility  to  transformation  by  the  direct- 
acting  carcinogen  N-methyl-N'-nitro-N-nitro- 
soguanidine  (MNNG).  The  percent  transforma¬ 
tion  frequency  following  MNNG  treatment  was 
7.5-fold  higher  in  cells  derived  from  carrier 
animals  when  compared  to  cells  from  noncarrier 
animals  [16].  This  increased  susceptibility  to 
transformation  exhibited  by  the  Eker  rat  cells  is 
consistent  with  a  predisposition  resulting  from 
inactivation  of  the  Tsc2  tumor  suppressor  gene. 
The  increased  susceptibility  of  kidney  epithelial 
cells  carrying  the  Eker  mutation  may  prove 
useful  in  the  further  development  of  the  RKE 
transformation  assay  as  a  sensitive  tool  for  tox¬ 
icologists  who  wish  to  screen  chemicals  as  po¬ 
tential  renal  carcinogens. 

4.  Carcinogenesis  studies  in  Eker  rats 

In  addition  to  a  familial  predisposition  to 
tumor  development,  Eker  rats  are  highly  suscep¬ 
tible  to  the  effects  of  chemical  and  physical 
carcinogens.  In  early  experiments  conducted 
prior  to  the  identification  of  the  Eker  gene,  rats 
heterozygous  for  the  Eker  mutation  that  were 
exposed  to  external  radiation  had  an  11-12-fold 
enhancement  in  tumor  multiplicity,  with  a  linear 
dose-response  relationship  [17].  These  experi¬ 
ments  clearly  implied  that  only  1  additional 
genetic  event  was  necessary,  consistent  with  the 
2-hit  hypothesis.  In  contrast,  studies  in  normal 
rats  demonstrated  a  quadratic  dose-response 
relationship  to  radiation,  indicating  that  2  or 
more  events  are  needed  in  the  absence  of  a 
predisposing  mutation. 

Studies  in  our  laboratory  with  the  genotoxic 
chemical  carcinogen  dimethylnitrosamine 
(DMN)  showed  similar  results  to  those  noted 
with  radiation-treated  rats  heterozygous  for  the 
Eker  mutation.  Carrier  Eker  rats  were  treated 
with  DMN,  which  is  known  to  target  both  renal 


mesenchymal  and  renal  tubular  epithelial  cells. 
With  tumor  multiplicity  as  an  end  point,  there 
was  a  70-fold  increase  in  renal  epithelial  tumor 
susceptibility  in  male  heterozygote  Eker  carriers 
exposed  to  DMN  but  no  increase  in  susceptibility 
to  renal  mesenchymal  tumors  [18].  The  com¬ 
bined  effect  of  the  Eker  mutation  and  carcinogen 
exposure  resulted  in  an  increase  of  3  to  4  orders 
of  magnitude  in  tumors  relative  to  the  sponta¬ 
neous  RCC  frequency  in  wild-type  rats.  The 
effects  of  the  Eker  germ-line  mutation  on  cancer 
susceptibility  were  cell  type  specific,  predisposing 
to  tumor  development  in  epithelial  but  not 
mesenchymal  cells  of  the  kidney,  even  in  the  face 
of  a  potent  genotoxic  carcinogen. 

Hino  et  al.  demonstrated  that  a  transplacental 
regimen  of  ethyl  nitrosourea  (ENU)  leads  to 
very  early  induction  of  renal  tubular  epithelial 
tumors  in  rats  carrying  the  Eker  mutation  [19]. 
This  transplacental  treatment  with  carcinogen 
does  not  lead  to  the  induction  of  nephro¬ 
blastomas  as  one  might  expect.  This  provides  an 
additional  example  of  a  situation  where  Eker  rats 
treated  with  a  potent  genotoxic  chemical  car¬ 
cinogen,  known  to  target  multiple  cell  types, 
developed  only  renal  tubular  epithelial  tumors  in 
increased  frequency.  The  Tsc2  mutation  there¬ 
fore  appears  to  confer  exquisite  cell  specificity  to 
increased  cancer  susceptibility  following  car¬ 
cinogen  exposure. 

5.  Utility  of  Eker  rat  cancer  model  for 
toxicologists 

The  kidney  is  an  important  target  site  for  the 
development  of  tumor  responses  in  rats  used  in 
chronic  bioassays  of  toxicity  and  carcinogenicity 
bioassays.  It  is  the  second  most  frequent  site  of 
transformation  in  male  rats  used  by  the  National 
Toxicology  Program  in  chronic  rodent  bioassays. 
Thus  determination  of  the  mechanisms  of  chemi¬ 
cally  induced  rat  renal  cell  tumors  is  important 
and  can  be  facilitated  by  having  a  high-incidence, 
spontaneous  model  that  develops  tumors  with 
short  latency. 

There  is  a  great  need  to  establish  the  relation¬ 
ship  between  chronic  wounding  of  the  kidney  by 
nephrotoxicants  and  the  development  of  renal 
tumors.  The  Eker  rat  is  presently  being  used  to 
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examine  the  role  of  renal  cell  proliferation  in¬ 
duced  by  cytotoxic  and  mitogenic  agents  in  the 
genesis  of  RCC.  Studies  are  also  underway  in  our 
laboratory  to  determine  the  effects  of  hormonal 
status  on  cell  proliferation  and  renal  tumori- 
genesis.  We  anticipate  that  data  from  these  ex¬ 
periments  can  be  applied  to  carcinogenesis 
models  for  refinement  of  chemical  risk  assess¬ 
ments.  There  is  presently  a  particular  need  for 
examining  the  role  of  nongenotoxic  chemicals  in 
renal  tumor  promotion.  The  Eker  rat  model 
offers  a  potential  means  to  study  this  issue 
because  short-latency  lesions  of  various  stages  in 
tumorigenesis  can  be  reproducibly  established  in 
animals,  which  can  be  treated  with  compounds  of 
interest. 

Most  importantly,  it  is  becoming  increasingly 
obvious  that  cancer  risk  is  not  equally  distributed 
throughout  the  human  population,  and  that  there 
are  important  genetic  predispositions  that  need 
to  be  considered  in  cancer  risk  assessment. 
Meaningful  mechanistically  based  cancer  risk 
assessments  will  ultimately  require  an  under¬ 
standing  of  the  comparative  pathways  of  molecu¬ 
lar  carcinogenesis  in  rodents  and  humans. 
Studies  of  renal  cancer  in  Eker  rats  should 
provide  the  means  by  which  these  pathways  can 
be  compared  for  RCC,  and  may  serve  as  a  model 
for  other  tumor  types. 
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Abstract 

Differences  in  human  urinary  bladder  cancer  susceptibility  have  often  been  attributed  to  genetic  polymorphisms 
in  carcinogen-metabolizing  enzymes,  especially  those  involved  in  the  biotransformation  of  aromatic  amines  (AAs) 
and  polycyclic  aromatic  hydrocarbons  (PAHs).  Metabolic  activation  generally  involves  an  initial  cytochrome 
P450-dependent  oxidation  to  form  A-hydroxy,  phenol,  or  dihydrodiol  intermediates  that  undergo  further  conjuga¬ 
tion  or  oxidation  to  form  DNA  adducts.  The  acetyltransferases,  NAT1  and  NAT2,  can  participate  in  these 
pathways  by  catalyzing  detoxification  (by  A  A  A-acetylation)  or  further  activation  (by  N-OH-AA  O -acetylation) 
reactions.  NAT2  polymorphisms,  which  are  due  to  point  mutations  in  the  structural  gene,  have  long  been  associated 
with  higher  risk  for  bladder  cancer.  In  collaborative  studies,  we  now  have  found  that  NAT1  is  also  expressed 
polymorphically  in  human  bladder  due  to  mutations  in  the  NAT1  polyadenylation  signal,  which  has  recently  been 
associated  with  increased  bladder  cancer  risk.  Moreover,  we  have  found  that  the  bladder  N ATI  *10  genotype  and 
phenotype  are  correlated  with  significantly  higher  levels  of  putative  AA-DNA  adducts  in  human  bladder  as 
measured  by  32P~postlabelling.  Preliminary  data  have  also  suggested  that  putative  PAH-DNA  adducts  in  human 
bladder  are  correlated  with  a  polymorphism  in  the  total  metabolism  of  benzo[fl]pyrene  (BP)  by  bladder 
microsomes  and  especially  with  the  formation  of  BP-7, 8-diol.  Since  each  of  these  correlations  was  observed  without 
adjusting  for  carcinogen  intake,  it  would  appear  that,  with  ubiquitous  human  exposure  to  AAs  and  PAHs,  the 
expression  of  carcinogen-metabolizing  enzymes  may  be  a  more  critical  determinant  of  carcinogen-DNA  adduct 
formation  and  of  individual  cancer  susceptibility. 

Keywords:  Aromatic  amines;  Polycyclic  aromatic  hydrocarbons;  Urinary  bladder;  Acetyltransferases;  Polymor¬ 
phisms;  DNA  adducts 


1.  Enzyme  polymorphisms,  DNA  adducts,  and 
cancer  susceptibility 

The  metabolic  activation  and  detoxification 


*  Corresponding  author.  The  genotyping  portion  of  these 
studies  were  carried  out  in  collaboration  with  Drs.  Douglas 
A.  Bell  and  Ari  Hirvonen  at  the  National  Institute  for 
Environmental  Health  Sciences,  Research  Triangle  Park,  NC 
and  are  described  in  full  in  Refs.  [17-19]. 


pathways  associated  with  the  carcinogenic  aro¬ 
matic  amines  (AAs)  and  polycyclic  aromatic 
hydrocarbons  (PAHs)  provide  a  useful  model  of 
enzyme  polymorphisms  that  can  modulate 
human  carcinogenesis.  Such  interindividual  var¬ 
iations  in  AA-  and  PAH-metabolizing  enzymes 
can  be  due  to  genetic  factors  or  to  sustained 
interaction  with  environmental  factors,  either  of 
which  can  be  shown  to  be  a  determinant  of 
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cancer  risk  in  epidemiological  studies  [1].  Our 
efforts  have  been  focused  on  the  risk  factors 
associated  with  human  urinary  bladder  carcino¬ 
genesis  and  the  enzymatic  systems  that  are 
known  to  play  a  major  role  in  the  biotrans¬ 
formation  of  carcinogenic  AAs  and  PAHs  such 
as  the  A-acetyltransferases  (NATs)  and  the  cyto¬ 
chromes  P450  (CYPs).  Metabolic  polymorphisms 
in  these  enzymatic  systems  would  thus  be  ex¬ 
pected  to  affect  the  levels  of  DNA  adducts  in  the 
carcinogen-target  tissues  and  thus  modulate 
bladder  cancer  risk  [2]. 

For  AA-induced  urinary  bladder  carcinogen¬ 
esis  (Fig.  1),  current  hypotheses  [3-5]  indicate 
that  most  AAs  are  initially  metabolized  in  the 
liver  through  either  A-hydroxylation  by  CYP1A2 
or  A-acetylation  by  NAT2.  The  A-hydroxy  me¬ 
tabolite  can  be  further  metabolized  in  the  liver 
by  sulfotransferases  and  glucuronyltransferases 
to  form  phenolic  sulfates  and  A-glucuronides 
that  are  major  excretion  products;  or  it  can  enter 
the  circulation  where  it  can  be  oxidized  to  a 
nitrosoarene  that  forms  covalent  adducts  with 
hemoglobin.  The  remaining  A-hydroxy  metabo- 


Fig.  1.  Proposed  metabolic  activation  and  detoxification 
pathways  for  AA-induced  human  urinary  bladder  carcino¬ 
genesis. 


lite  then  undergoes  renal  filtration  into  the  urin¬ 
ary  bladder  lumen  where  it  can  be  reabsorbed 
into  the  bladder  mucosa.  Although  A-hydroxy 
arylamines  can  react  with  DNA  at  acidic  urinary 
pH,  further  activation  by  NATs  in  the  bladder 
has  been  suggested  as  a  final  activation  step 
leading  to  DNA  adducts,  mutations  and  neo¬ 
plasia.  Enzyme  polymorphisms  that  have  been 
previously  associated  with  these  pathways  in¬ 
clude  CYP1A2  and  NAT2  [6].  Accordingly,  the 
slow  NAT2  phenotype,  which  arises  as  a  conse¬ 
quence  of  point  mutations  in  an  intron-less  gene, 
has  long  been  associated  with  increased  bladder 
cancer  risk  [7] ;  and  more  recently,  cigarette 
smokers  who  are  slow  NAT2  and  rapid  CYP1A2 
were  found  to  possess  the  highest  level  of  AA- 
hemoglobin  adducts  [8]. 

In  comparison  to  the  AAs,  the  activation  and 
detoxification  pathways  for  PAHs  in  relation  to 
urinary  bladder  carcinogenesis  are  less  clear. 
However,  benzo[#]pyrene  (BP)  is  metabolized 
by  cultured  human  bladder  systems  [9]  and  its 
metabolism  in  other  human  tissues  such  as  lung 
and  larnyx  is  consistent  with  the  initial  formation 
of  BP-7, 8-diol  and  9-hydroxy-BP  and  their  sub¬ 
sequent  conversion  to  DNA-reactive  bay-region 
diol-epoxides  and  K-region  oxides  (Fig.  2).  CYPs 
1A1,  2C9,  and  3A4  have  each  been  shown  to 
catalyze  these  oxidative  reactions  in  human  tis¬ 
sues  (reviewed  in  [10]);  while  glutathione  S- 
transferases  (GSTs)  serve  an  important  role  in 
the  detoxification  of  the  arene  oxides.  In  this 
regard,  individuals  lacking  the  GST  Ml  gene 
have  been  associated  with  a  significantly  in¬ 
creased  risk  to  bladder  cancer  [11]. 

Carcinogen-DNA  adducts  have  been  detected 
in  human  urinary  bladder  using  l2P-postlabelling 
methods  (butanol  extraction  and  nuclease  PI 
enhancement)  that  are  selective  for  AA-  and 
PAH-DNA  adducts,  respectively  [12].  Current 
cigarette  smokers  had  2-3-fold  higher  adduct 
levels;  and  nearly  half  of  the  adducts  detected 
were  similar  to  those  derived  from  PAHs,  while 
the  remainder  exhibited  properties  consistent 
with  their  identity  as  AAs.  Of  these,  the  C8-dG 
adduct  of  4-aminobiphenyl  (ABP),  which  ac¬ 
counted  for  about  10%  of  the  smoking-related 
adducts,  was  specifically  identified  and  its  pres- 


F.F.  Kadlubar,  A.F.  Badawi  I  Toxicology  Letters  82183  (1995)  627-632 


629 


OTP 


C  Y  P 1 A 1 
EH 


Bento[a]pyrene  (BP)  BP-7, 8-diol 


CYP2C 

(CYP1A1) 


9-OH-BP  9-OH-BP-4,5-Oxide 


BP-7,  B-diol-9, 10-epoxide 
(BPDE) 


DMA 


DNA 

Adducts 


DNA 


DNA 

Adducts 


Fig.  2.  Potential  pathways  for  the  metabolic  activation  of  BP 
and  other  PAHs  in  human  tissues. 


ence  in  human  bladder  DNA  was  subsequently 
confirmed  by  GC/MS  [13]. 

2.  Metabolism  of  AAs  and  PAHs  by  human 
urinary  bladder  tissues  and  its  role  in 
carcinogen-DNA  formation 

To  assess  further  the  role  of  AAs  and  PAHs  in 
human  urinary  bladder  carcinogenesis,  we  have 
recently  examined  the  relationship  between  me¬ 
tabolism  and  DNA  adduct  levels  in  26  human 


bladder  tissue  samples  obtained  through  the  US 
Cooperative  Tissue  Network.  Patient  history  and 
exposure  information  was  not  available  for  these 
samples,  although  historically  some  80-90%  of 
such  samples  originated  from  current  cigarette 
smokers.  The  metabolic  A-acetylation  of  p- 
aminobenzoic  acid  (PABA)  to  N-acetyl-PABA 
(NAT1  activity)  and  of  sulfamethazine  (SMZ)  to 
A-acetyl-SMZ  (NAT2  activity),  and  the  O- 
acetylation  of  TV-hydroxy- ABP  (OAT  activity; 
catalyzed  by  NAT1  and  NAT2)  was  measured  in 
bladder  cytosols;  and  the  capacity  of  bladder 
microsomes  to  catalyze  oxidative  metabolism  of 
BP  was  determined.  DNA  was  also  isolated  for 
determination  of  NAT1  and  NAT2  genotype 
and  for  analyses  of  carcinogen-DNA  adducts 
using  the  butanol  extraction  and  nuclease  PI 
enhancement  methods. 

Substantial  levels  of  both  PABA  and  OAT 
activities  were  found  in  all  of  the  bladder  cyto¬ 
sols  (Table  1).  However,  SMZ  activities  were 
below  the  assay  limits  of  detection.  This  observa¬ 
tion  confirmed  the  findings  that  NAT2  activity  is 
poorly  expressed  in  human  bladder  cytosols  in 
relation  to  NAT1  activity  [14].  In  addition,  nearly 
all  of  the  bladder  microsomes  metabolized  BP  at 
low  but  readily  detectable  levels  (Table  1). 

32P-Postlabelling  analysis  for  putative  car- 


Table  1 

Metabolism  and  DNA  adduct  levels  (RAL)  in  human  urinary  bladder _ 

Measurement  (units;  number  of  individuals) _ _ _ 

(A)  PABA  /V-acetylation  (nmol/min/mg  protein;  n  =  26) 

SMZ  /V-acetylation  (pmol/min/mg  protein;  n  =  26) 
/V-Hydroxy-ABP  OAT  (pmol  bound /mg  DNA;  n  =  26) 

Total  BP  metabolism  (pmol/min/mg  protein;  n  =  22) 

RAL  (AA-DNA  adducts/ 108  dNp;  n  =  22) 

RAL  (PAH-DNA  adducts/ 108  dNp;  n  =  22) 

(B)  RAL  (A A  adducts /108  dNp);  rapid  NAT1  phenotype  (n  =  13) 
RAL  (AA  adducts/ 108  dNp);  slow  NAT1  phenotype  (n  =  13) 
RAL  (PAH  adducts/ 108  dNp);  rapid  BP  metabolizer  (n  =  11) 
RAL  (PAH  adducts/ 108  dNp);  slow  BP  metabolizer  (n  =  11) 

(C)  PABA  /V-acetylation  (nmol/min/mg  protein); 

NAT  1*4/ NAT 1*4  genotype  in  =  11) 

PABA  /V-acetylation  (nmol/min/mg  protein); 

NA  T1  *41 N A  Tl*10  genotype  ( n  =  8) 

RAL  (AA  adducts/108  dNp);  NAT1*4!NAT1*4  genotype  (n  =  17) 
RAL  (AA  adducts/108  dNp);  NAT1*4/NAT1*10  genotype  (n  =  8) 


Mean  ±  S.D. 


2.9  ±  2.3 
<10 
43  ±21 
1.95  ±0.62 

2.4  ±  2.0 

2.5  ±2.1 

1.7  ±  1.7* 

3.2  ±  2.2* 

1.6  ±  1.1** 

3.6  ±  2.2** 

2.3  ±  2.6*** 

4.6  ±  1.6*** 

1.8  ±  1.9**** 
3.5  ±2.1**** 


*  p  -  o.05;  **  P  =  0.02;  ***  P  =  0.03;  ****  p  =  0.05,  using  the  Mann-Whitney  rank  sum  test. 
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cinogen-DNA  adducts  gave  distinct  chromato¬ 
graphic  profiles  that  were  indicative  of  both  AA- 
and  PAH-DNA  adducts  and  at  similar  levels 
(Table  1A).  Furthermore,  the  AA-DNA  adduct 
levels  in  these  tissues  correlated  with  their 
NATl-dependent  PABA  activities;  and  the  PAH- 
DNA  adducts  correlated  with  both  the  total  BP- 
metabolizing  capacity  as  well  as  with  the  forma¬ 
tion  of  BP-7, 8-diol,  a  known  proximate  car¬ 
cinogenic  metabolite  (Table  2). 

Statistical  analyses  and  probit  and  NTV  plots 
indicated  that  both  NAT1  activity  and  total  BP 
metabolism  in  the  human  bladder  tissue  samples 
were  not  normally  distributed  and  appeared 
bimodal.  For  NAT1  and  BP  activities,  these 
observations  allowed  arbitrary  designation  of 
slow  and  rapid  (2-fold  higher)  acetylation 
phenotypes,  with  cutpoints  near  their  median 
values.  Within  each  of  these  subgroups,  NAT1 
correlated  well  with  OAT,  which  provided  addi¬ 
tional  support  for  the  existence  of  2  NAT1 
phenotypes  since  this  correlation  was  unobtain¬ 
able  when  all  NAT1  and  OAT  data  points  were 
examined  together.  Moreover,  the  apparent 
polymorphisms  both  in  NAT1  and  in  BP  metab¬ 
olism  were  associated  with  significant  differences 
in  the  levels  of  the  corresponding  DNA  adducts 
in  the  bladder  tissues  examined  (Table  IB). 
Specifically,  the  rapid  NAT1  and  rapid  BP 
metabolizer  phenotypes  each  exhibited  a  2-3- 
fold  higher  level  of  putative  AA-  and  PAH-DNA 
adducts,  respectively.  Thus,  even  in  the  absence 
of  exposure  information  in  these  individuals, 


DNA  adduct  levels  in  the  human  urinary  bladder 
appear  to  be  influenced  predominantly  by  in¬ 
dividual  differences  in  bladder  NATl-  or  BP- 
metabolizing  activity. 

3.  A  genetic  polymorphism  in  NATl  and  its 
relation  to  NATl  phenotype  and  AA-DNA 
adduct  levels  in  human  urinary  bladder 

NATl ,  which  codes  for  the  acetyltransferase 
activity  originally  thought  to  be  monomorphic, 
has  recently  been  shown  to  exhibit  polymor¬ 
phisms  in  non-coding  regions  [15].  The  predomi¬ 
nant  alleles,  designated  NATl *4  and  NAT  1*10, 
differ  by  a  single  base  at  nt  1088,  which  repre¬ 
sents  an  alteration  in  the  consensus  polyadenyla- 
tion  signal.  Examination  of  DNA  sequence  poly¬ 
morphisms  in  the  NATl  gene  by  PCR  have 
demonstrated  that  the  NATl  polyadenylation 
polymorphism  is  associated  with  significant  dif¬ 
ferences  in  bladder  NATl  enzyme  activity 
(Table  1C).  Accordingly,  NATl  activity  in  the 
bladder  of  individuals  with  the  heterozygous 
NATl *10  allele  was  2-fold  higher  than  in  sub¬ 
jects  with  the  homozygous  NAT  1*4  allele. 
Furthermore,  putative  AA-DNA  adduct  levels  in 
the  urinary  bladder  were  similarly  found  to  be 
2-fold  higher  in  individuals  with  the  heterozy¬ 
gous  NAT 1*10  allele,  as  compared  to  those  with 
NAT  1*4  allele.  Thus,  these  data  provide  strong 
support  for  the  hypothesis  that  NATl  activity  in 
the  urinary  bladder  mucosa  represents  a  major 


Table  2 

Correlation  coefficients  (r)  and  P  values 
Comparisons 


NATl  activity  vs.  RAL  (AA-DNA  adducts)  0.52  (0.01) 

OAT  activity  vs.  RAL  (AA-DNA  Adducts)  nsa 

Total  BP  metabolism  vs.  RAL  (PAH-DNA  adducts)  0.52  (0.02) 

BP-7,8-diol  formation  vs.  RAL  (PAH-DNA  adducts)  0.71  (0.02) 

9-Hydroxy-BP  formation  vs.  RAL  (PAH-DNA  adducts)  0.44  (0.06) 

NATl  activity  vs.  OAT  nsa 

Slow  NATl  phenotype  vs.  OAT  0.66  (0.01) 

Rapid  NATl  phenotype  vs.  OAT  0.71  (0.01) 


Correlation  coefficients  and  P  values  were  calculated  using  the  Spearman  rank  correlation  test. 
a  ns,  not  significant. 
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bioactivation  step  that  converts  urinary  A-hy- 
droxy  arylamines  to  reactive  A-acetoxy  esters 
that  form  covalent  DNA  adducts  (Fig.  1). 

Since  previous  studies  have  indicated  that 
hepatic  NAT2  activity  is  an  important  detoxifica¬ 
tion  step  for  bladder  carcinogenesis  and  indi¬ 
viduals  with  slow  NAT 2  genotype  were  found  to 
be  at  higher  risk  for  bladder  cancer  [16],  one 
would  predict  that  individuals  who  possess  a  slow 
NAT2  and  the  rapid  NAT  1*10  genotypes  would 
be  at  highest  risk  of  developing  this  type  of 
neoplasm.  Indeed,  this  combined  genotype  (slow 
NAT2INAT1*10)  indeed  exhibited  the  highest 
carcinogen-DNA  adduct  level  in  our  study. 
Moreover,  slow  NAT2  phenotype  and  rapid 
CYP1A2  have  been  implicated  in  the  activation 
(A-oxidation)  and  detoxification  (A-acetylation) 
of  AAs  for  human  bladder  carcinogenesis. 

In  conclusion,  these  data  provide  the  first 
evidence  for  phenotypic  and  genotypic  polymor¬ 
phisms  in  both  NAT1  and  NAT2  and  a  pheno¬ 
typic  polymorphism  in  the  metabolic  activation 
of  BP  that  are  predictive  of  DNA  adduct  levels 
in  the  human  urinary  bladder.  Moreover,  the 
enzyme  which  has  long  been  thought  to  be 
responsible  for  monomorphic  NAT1  activity,  is 
shown  to  be  regulated  by  a  polymorphic  gene, 
NAT1,  and  it  is  bimodally  distributed  in  the 
human  urinary  bladder  in  a  manner  that  is 
significantly  correlated  with  the  DNA  adduct 
levels  found  in  this  tissue.  Together  with  the 
known  polymorphisms  for  NAT2,  CYP1A1, 
CYP1A2,  GSTM1  and  sulfotransf erase,  it  is 
evident  that  metabolic  phenotypes /genotypes 
can  significantly  influence  DNA  adduct  forma¬ 
tion  in  urothelial  cells  and  could  ultimately  lead 
to  a  wide  variation  in  urinary  bladder  cancer  risk. 
Therefore,  future  epidemiological  studies  will 
need  to  include  molecular  biomarkers  of  indi¬ 
vidual  susceptibility,  especially  those  involved  in 
carcinogen  activation  and  detoxification. 
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Abstract 

Recent  hypothesis  suggesting  a  role  for  environmental  toxins  in  the  pathogenesis  of  neurodegenerative  disorders 
has  stimulated  interest  in  research  on  xenobiotic  metabolizing  capability  of  the  brain.  In  addition  to  possible 
irreversible  loss  of  neurons  through  bioactivation  in  situ  in  the  nervous  tissue,  the  metabolism  of  psychoactive  drugs 
in  the  target  tissue  can  lead  to  local  pharmacological  modulation  at  the  site  of  action.  The  major  drug  metabolizing 
enzymes,  cytochromes  P-450  (P450)  and  flavin-containing  monooxygenase  (FMO)  have  been  detected  in  rodent 
brain  and  human  brain  tissue  obtained  at  autopsy.  The  brain  microsomal  and  mitochondrial  P450  systems  are 
capable  of  metabolizing  a  variety  of  xenobiotics,  while  the  brain  FMO  efficiently  metabolizes  a  variety  of 
psychoactive  drugs  to  their  respective  iV-oxides.  Immunocytochemical  studies  have  revealed  the  regional  hetero¬ 
geneity  in  the  distribution  of  multiple  forms  of  P450  in  the  brain  and  the  co-localization  of  P450  and  FMO 
predominantly  in  the  neuronal  cells.  Although  the  brain  P450  and  FMO  share  many  common  features  with  similar 
enzymes  present  in  other  tissues  such  as  liver  and  lung,  there  are  some  distinctive  differences.  It  is  evident  from  the 
studies  carried  out  so  far  that  the  brain  can  metabolize  a  variety  of  lipophilic  xenobiotics  that  enter  by  way  of  the 
blood  stream. 

Keywords:  Brain;  Cytochrome  P-450;  Flavin-containing  monooxygenase;  Drug  metabolism;  Monooxygenase 


1.  Introduction 

The  brain  is  the  most  sensitive  and  compli¬ 
cated  organ  of  the  human  body;  it  is  the  seat  of 
intelligence,  interpreter  of  senses  and  controller 
of  movement.  The  complexity  of  the  brain  ex¬ 
tends  to  its  distinctive  anatomical  and  cellular 
features.  Brain  exhibits  tremendous  regional 
heterogeneity  and  each  region  displays  special¬ 
ized  and  selective  functions.  In  addition  to  the 
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regional  and  cellular  heterogeneity,  the  brain 
possesses  several  extraordinary  features.  The 
brain  is  protected  from  the  blood-borne  chemi¬ 
cals  by  the  tight  junctions  present  between  the 
endothelial  cells  forming  the  blood-brain  barrier, 
with  the  exception  of  the  circumventricular  or¬ 
gans,  which  have  a  neuroendocrine  function.  In 
addition,  the  choroid  plexus  (the  major  site  of 
cerebrospinal  fluid  (CSF)  production)  also  re¬ 
stricts  the  entry  of  many  substances  forming  a 
blood-CSF  barrier.  However,  certain  relatively 
more  lipophilic  xenobiotics  can  diffuse  through 
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the  endothelial  cells  of  the  brain  capillaries  and 
thus  penetrate  into  the  brain. 

The  brain  is  particularly  vulnerable  to  damage 
by  toxic  compounds  due  to  the  limited  regenera¬ 
tive  capability  of  the  neuron,  which  is  primarily 
involved  in  specialized  functions  of  the  nervous 
system.  The  cellular  toxicity  of  such  compounds, 
occurring  either  directly  or  after  in  situ  metabo¬ 
lism,  can  have  far-reaching  consequences  by 
causing  irreversible  disruption  of  neuronal  func¬ 
tion.  A  role  for  environmental  toxins  in  the 
etiopathogenesis  of  certain  neurodegenerative 
disorders  has  also  been  suggested  [1].  In  addition 
to  being  a  potential  locus  of  toxicologically 
significant  in  situ  metabolism  of  certain  com¬ 
pounds,  neuronal  cells  may  similarly  be  a  locus 
of  pharmacologically  significant  metabolism  of 
certain  therapeutic  agents.  Thus,  metabolism  of 
certain  psychoactive  drugs  directly  in  the  brain 
may  lead  to  local  pharmacological  modulation  at 
the  site  of  action  and  result  in  variable  drug 
response.  Generally,  phase  I  metabolism  (me¬ 
diated  by  microsomal  monooxygenases,  cyto¬ 
chrome  P-450  (P450)  or  flavin-containing  mono¬ 
oxygenases  (FMO))  results  in  the  formation  of 
hydrophilic  metabolites  that  are  removed  by 
renal  clearance.  However,  in  the  brain,  the  for¬ 
mation  of  such  metabolites  would  result  in 
prolonging  the  half-life  of  the  metabolite  due  to 
the  presence  of  the  CSF-blood  barrier. 

2.  Rat  brain  P450 

The  first  attempt  at  quantitation  of  the  heme 
protein  P450  in  rat  brain  from  the  reduced 
carbon  monoxide  binding  spectrum  was  reported 
by  Sasame  et  al.  [2]  and  later  by  Marietta  et  al. 
[3].  The  reported  brain  P450  levels  are  25-40 
pmol/mg  microsomal  protein  or  approximately 
2.5-4%  of  the  specific  contents  of  the  hepatic 
tissue  [4].  Mitochondrial  P450  content  in  brain  is 
significantly  higher  than  the  microsomal  P450 
content,  in  contrast  to  the  liver  [5,6]. 

The  quantitative  measurement  of  P450  in  brain 
has  been  difficult  due  to  (i)  interference  from 
other  chromophores  and  (ii)  the  turbidity  caused 
by  large  amounts  of  protein  needed  to  measure 


the  low  levels  of  P450  present  in  brain.  In  our 
experience  transcardial  perfusion  of  the  brain 
prior  to  decapitation  followed  by  preparation  of 
the  microsome  in  presence  of  dithio- 
threitol  (0.1  mM),  EDTA  (0.2  mM),  phenyl- 
methyl  sulfonyl  fluoride  (0.1  mM)  in  tris-potas- 
sium  chloride  buffer  containing  10-20%  glycerol 
(previously  bubbled  with  nitrogen)  results  in  a 
preparation  that  contains  comparatively  higher 
amounts  of  P450  [7].  The  reduced  carbon  mono¬ 
xide  spectrum  of  brain  microsome  from  un¬ 
treated  rats  prepared  in  this  fashion  has  an 
absorption  maximum  at  452  nm  and  is  amenable 
to  quantitative  measurement  of  P450.  The  brain 
microsomal  P450  content  has  been  determined  to 
be  80-100  pmol/mg  protein  (Fig.  1).  The  re¬ 
duced  carbon  monoxide  spectrum  of  brain  micro- 
somes  prepared  in  the  conventional  manner  has 
a  small  deflection  at  450  nm  and  the  quantitation 
of  P450  from  the  spectrum  is  difficult.  It  thus 
seems  important  to  adequately  preserve  the 
integrity  of  the  heme  protein  during  preparation 
of  the  microsomes. 

Several  P450-mediated  monooxygenase  ac¬ 
tivities  are  detectable  in  brain  microsomes.  The 
ethoxycoumarin  0-deethylase  activity  in  brain 
microsomes  prepared  in  the  presence  of  dithio- 
threitol  and  glycerol  are  typically  20%  of  the 
hepatic  activity  in  untreated  rats  [8].  A-Nitro- 
sodimethylamine  A-demethylase  activity  is  also 
detectable  in  brain  [9].  The  bioactivation  of  this 


Fig.  1.  The  dithionite  reduced  carbon  monoxide  difference 
spectrum  of  rat  brain  microsomes.  The  protein  concentration 
was  1  mg/ ml.  The  specific  content  of  P450  was  estimated  to 
be  100  pmol/mg  protein. 
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potent  carcinogen  in  situ  in  the  brain  could  lead 
to  neoplastic  transformation. 

Tremendous  variations  are  observed  in  the 
reported  values  of  the  specific  activities  of  the 
P450-associated  monooxygenase  in  brain.  The 
different  methods  used  for  the  preparation  of  the 
microsomes  could  possibly  explain  some  of  these 
differences,  as  only  a  fraction  of  the  total  P450  is 
recoverable  in  the  brain  microsomes  prepared  by 
conventional  methods.  Further,  linear  depen¬ 
dence  of  monooxygenase  activity  with  increasing 
enzyme  concentration  is  observed  only  over 
short  ranges  of  microsomal  protein  concentration 
and  in  general  multiphasic  kinetics  are  observed 
over  a  broad  range  of  enzyme  concentration. 
This  has  been  attributed  to  the  change  in  the 
ratio  of  enzyme  to  substrate  concentration  that 
occurs  while  carrying  out  reactions  over  a  wide 
range  of  enzyme  concentration  [7].  Thus,  when 
morphine  N-demethylase  activity  was  deter¬ 
mined  with  7  /m g  brain  microsomal  protein /ml 
incubation  medium  containing  1.8  mM  morphine 
wherein  the  ratio  of  microsomal  protein  (in  /mg! 
ml)  to  substrate  concentration  (in  /mmol  I  ml)  is 
3.89,  the  activity  was  determined  to  be  127  ±  19 
nmol  formaldehyde  formed /min /mg  protein. 
Under  the  same  conditions,  when  70  /mg  micro¬ 
somal  protein  was  used  for  the  assay  (the  ratio  of 
enzyme  to  substrate  =  38.9),  the  measured  activi¬ 
ty  was  only  30  nmol  formaldehyde  formed/min/ 
mg  protein.  However,  when  the  substrate  con¬ 
centration  in  the  incubation  medium  was  in¬ 
creased  such  that  the  above  ratio  was  maintained 
at  3.89,  the  microsomal  morphine  A-demethylase 
activity  was  determined  to  be  92  ±  4.5  nmol 
formaldehyde  formed /min /mg  protein,  which 
was  similar  to  that  seen  when  7  /mg  protein  was 
used  for  the  assay  [7].  Thus,  the  amount  of 
microsomal  protein  in  the  incubation  medium 
and,  more  importantly,  the  ratio  of  enzyme  to 
the  substrate  concentration  are  major  determi¬ 
nants  of  the  specific  activity  measured.  The 
amount  of  microsomal  protein  used  in  the  incu¬ 
bation  for  measurement  of  monooxygenase  ac¬ 
tivities  has  typically  varied  from  10-20  /iglml  [8] 
to  15  mg/ml  [3].  In  addition,  the  incubation  time 
for  measurement  of  monooxygenase  activity  has 
varied  from  10  to  60  min  among  various  lab¬ 


oratories.  Since  the  rate  of  product  formation  is 
not  linear  over  prolonged  periods  of  time,  the 
activity  (expressed  as  product  formed/min)  is 
often  underestimated. 

The  brain  exhibits  regional  differences  in  the 
distribution  of  P450.  Maximal  P450  levels  have 
been  detected  in  olfactory  lobes,  cerebellum  and 
brainstem  [10].  The  presence  of  high  amounts  of 
P450  in  the  brainstem  coupled  with  the  low  levels 
of  the  endogenous  nucleophile,  glutathione, 
known  to  be  present  in  this  region  [11]  may 
render  the  brainstem  particularly  vulnerable  to 
damage  through  P450-mediated  bioactivation  of 
xenobiotics  to  reactive  electrophilic  metabolites. 

Multiple  forms  of  P450  are  constitutively  ex¬ 
pressed  in  brain  and  share  immunological  simi¬ 
larity  with  the  corresponding,  well-characterized 
hepatic  forms  such  as  P450  2B1/2B2,  1A1,  1A2 
and  2E1.  The  isoforms  of  brain  P450  are  selec¬ 
tively  inducible  by  phenobarbital,  3- 
methylcholanthrene  [8]  and  ethanol  [9].  Regional 
variation  has  been  observed  in  the  induction  of 
P450  by  phenobarbital  and  ethanol.  Two-fold 
induction  in  the  P450  levels  were  observed  in  the 
cortex,  brainstem  and  thalamus,  following  ad¬ 
ministration  of  phenobarbital.  However,  the 
P450  levels  in  the  cerebellum  and  hippocampus 
were  unaltered.  In  contrast,  when  rats  were 
administered  ethanol  for  1  month,  maximal  P450 
induction  was  seen  in  striatum,  hippocampus  and 
thalamus,  while  the  P450  levels  in  cortex,  cere¬ 
bellum  and  brainstem  were  unaffected.  These 
observations  indicate  the  differential  distribution 
and  regulation  of  various  isoforms  of  P450  in 
distinct  brain  regions.  Interestingly,  administra¬ 
tion  of  nicotine  results  in  selective  induction  of 
brain  P450  and  certain  monooxygenase  activities, 
while  having  no  effect  on  liver  P450  [10].  This 
apparently  selective  effect  of  nicotine  on  brain 
P450  is  of  significance  as  it  indicates  the  possible 
regulation  of  brain  P450  by  mechanisms  indepen¬ 
dent  of  and  different  from  those  known  for 
hepatic  P450s.  Further,  the  induction  of  P450  and 
selective  monooxygenase  activities  in  specific 
brain  regions  following  administration  of  pheno¬ 
barbital  (a  commonly  used  anticonvulsant  drug), 
ethanol  or  nicotine  indicates  the  possibility  of 
increased  in  situ  bioactivation  of  xenobiotics 
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and/or  alteration  in  the  pharmacodynamics  of 
drugs  acting  on  the  central  nervous  system.  The 
induction  of  /V-nitrosodimethylamine  /V-de- 
methylase  activity  in  rat  brain  following  ethanol 
administration  suggests  the  possibility  of  in¬ 
creased  bioactivation  of  this  potent  carcinogen  in 
brain  following  alcohol  intake.  The  induction  of 
P450  in  certain  brain  areas  following  administra¬ 
tion  of  phenobarbital  is  of  significance,  since  this 
anticonvulsant  drug  is  often  administered  chroni¬ 
cally  to  patients  and  combination  drug  therapy  in 
such  patients  could  result  in  altered  pharmaco¬ 
logical  response. 

In  addition  to  the  microsomal  P450,  the  mito¬ 
chondrial  P450  in  the  brain  is  also  involved  in  the 
metabolism  of  xenobiotics.  The  P450  level  in 
brain  mitochondria  is  twice  that  of  the  corre¬ 
sponding  microsomal  concentration  and  certain 
monooxygenase  activities  in  the  brain  mitochon¬ 
dria  (such  as  /V-nitrosodimethylamine  /V-de- 
methylase)  are  significantly  higher  as  compared 
to  microsomes  [5].  Multiple  forms  of  P450,  which 
are  selectively  inducible  by  ethanol  and  pheno¬ 
barbital  are  detectable  in  brain  mitochondria  and 
these  isoforms  of  P450  share  immunological 
similarity  with  the  corresponding  microsomal 
forms  as  evidenced  by  immunoblot  and  immuno- 
inhibition  experiments.  Thus,  the  total  P450  and 
associated  monooxygenase  in  brain  microsomes 
and  mitochondria  needs  to  be  taken  into  account 
when  considering  the  xenobiotic  metabolizing 
capability  of  the  brain. 

The  immunohistochemical  localization  of  P450 
in  untreated  rat  brain  has  been  performed  using 
the  antiserum  to  purified  phenobarbital-inducible 
form  of  brain  P450.  Since  the  antiserum  used 
recognizes  both  the  mitochondrial  and  micro¬ 
somal  P450,  the  immunocytochemistry  reflects 
the  localization  of  both  the  microsomal  and 
mitochondrial  P450  in  the  brain.  The  immuno- 
staining  of  P450  was  essentially  localized  in 
phylogenetically  older  brain  parts  like  olfactory 
area,  pyriform  cortex,  cingulate  cortex,  brainstem 
and  cervical  cord.  The  neuropil  staining  was 
evident  in  the  various  neuroanatomical  areas.  In 
most  cells  the  staining  was  perikaryal.  The  white 
matter  was  essentially  excluded  from  the  im- 
munostaining.  The  fibre  tracts  stood  in  light 


contrast  against  the  background  of  neuropil  and 
neuronal  staining.  However,  the  subpial  and 
subependymal  glial  cells  were  intensely  stained, 
while  the  ependymal  cell  labelling  was  variable. 
The  vascular  elements  were  not  stained. 

In  addition  to  the  brain,  multiple  forms  of 
P450  have  been  detected  in  the  rat  spinal  cord. 
The  total  P450  content  in  the  spinal  cord  is 
comparable  to  that  of  whole  brain.  Certain 
monooxygenase  activities  (such  as  aniline  hy¬ 
droxylase,  7-ethoxycoumarin  0-deethylase  and 
/V-nitrosodimethylamine  /V-demethylase)  were 
significantly  lower  in  the  spinal  cord  as  compared 
to  the  brain,  indicating  that  the  multiple  forms  of 
P450  were  differentially  distributed  between  the 
brain  and  spinal  cord.  Immunocytochemical 
localization  studies  using  the  antiserum  to  rat 
brain  phenobarbital-inducible  P450  revealed  the 
localization  of  the  hemeprotein  in  the  anterior 
horn  cells,  indicating  that  these  cells  may  be 
vulnerable  to  damage  through  P450-mediated 
bioactivation  [12].  Amyotrophic  lateral  sclerosis 
is  a  neurodegenerative  disorder  wherein  these 
neurons  are  selectively  damaged. 

3.  Human  brain  P450 

The  concentration  of  P450  [13]  and  associated 
monooxygenase  activities  [14]  have  been  demon¬ 
strated  in  microsomes  from  human  brain  regions 
obtained  at  autopsy.  The  microsomal  P450  levels 
in  the  cortex  varied  between  0.03  to  0.12  nmol/ 
mg  protein  among  the  7  samples  examined.  The 
hemeprotein  level  (expressed  as  nmol/g  tissue) 
was  highest  in  the  brainstem  and  cerebellum  and 
lowest  in  striatum  and  hippocampus,  analogous 
to  that  seen  in  rat  brain.  The  distribution  of  the 
monooxygenase  activities  varied  among  different 
regions  of  the  brain.  The  aminopyrine  and  mor¬ 
phine  jY-demethylase  activities  were  highest  in 
the  brainstem  region  namely,  pons,  medulla  and 
midbrain.  Immunocytochemical  localization 
studies  have  been  carried  out  using  the  antibody 
to  rat  liver  P450  (2B1/2B2)  and  the  immuno- 
reactivity  has  been  shown  to  be  localized  in  the 
neuronal  cell  bodies,  especially  in  the  large 
neurons  of  the  reticular  formation  and  lower 
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cranial  nerve  nuclei  of  the  human  medulla  oblon¬ 
gata.  The  human  brain  NADPH  cytochrome  c 
reductase  activity  [15]  has  also  been  detected  in 
microsomes  prepared  from  human  brain  tissue 
obtained  at  autopsy.  The  immunohistochemical 
localization  studies  using  antiserum  to  purified 
rat  liver  NADPH  cytochrome  P450  reductase  has 
revealed  the  co-localization  of  P450  and 
NADPH  cytochrome  P450  reductase  in  the  neu¬ 
ronal  cells. 

These  recent  studies  have  demonstrated  the 
presence  of  integral  P450  system  in  the  brain  and 
the  need  for  characterization  of  the  multiple 
forms  of  P450  in  the  brain  with  a  view  to 
determine  the  possible  existence  of  brain-specific 
P450  and  to  ascertain  the  specific  forms  of  P450 
involved  in  the  metabolism  of  drugs  that  act  on 
the  central  nervous  system. 

The  presence  of  significant  amounts  of  P450  in 
the  brain  and  their  preferential  localization  in  the 
neuronal  cells  has  raised  the  important  question 
about  the  functional  role  of  P450  in  the  brain. 
The  close  association  of  the  dopamine  transpor¬ 
ter  with  P4502D  in  the  striatal  membrane  has 
raised  the  possibility  that  this  P450  may  be 
involved  in  the  regulation  of  the  dopamine 
transporter  [16].  The  close  resemblance  between 
the  sigma  opiate  receptor  and  P450  has  raised  a 
speculative  hypothesis  that  the  brain  P450  may 
indeed  function  as  a  sigma  opiate  receptor  [17] 
and  evidence  supporting  and  contradicting  the 
hypothesis  have  been  presented. 

Our  laboratory  has  also  examined  the  presence 
of  the  other  major  drug  metabolizing  enzyme 
FMO  in  the  brain.  The  enzyme  was  found  to 
carry  out  the  N-  and  S-oxidation  of  psychoactive 
drugs  and  model  substrates  in  both  rat  and 
human  brain  [18,19].  An  interesting  observation 
was  that  brain  microsomes  exhibited  higher  af¬ 
finity  (Km  =  16-22  /xM)  and  higher  activity 
(VmaX  =  182-650  nmol  NADPH  oxidized/min/ 
mg  protein)  for  the  metabolism  of  imipramine 
and  fluoxetine  as  compared  to  model  substrates 
such  as  methimazole  (Km  =  600  /jlM  and  Vmax  = 
31  nmol  NADPH  oxidized /min /mg  protein)  and 
A,A-dimethylaniline  (Km  =  2.8  mM  and  Vmax  = 
340  nmol  NADPH  oxidized /min /mg  protein). 
More  recent  studies  have  revealed  that  the  FMO 


activity  in  human  brain  microsomes  measured  as 
the  amount  of  imipramine  A-oxide  formed  is 
significantly  higher  (2-fold)  than  the  corre¬ 
sponding  activity  in  rat  brain  microsomes.  Im- 
munocytochemical  studies  have  demonstrated 
the  localization  of  FMO  in  neuronal  cell  bodies 
and  established  the  co-localization  of  FMO  and 
P450  in  brain  [18,19]. 

It  is  evident  from  the  studies  carried  out  so  far 
that  the  brain  has  significant  capability  to 
metabolize  a  variety  of  xenobiotics  including 
drugs  through  P450  and  FMO,  and  can  therefore 
efficiently  detoxify  the  lipophilic  foreign  com¬ 
pounds  that  enter  the  brain.  However,  the  pres¬ 
ence  of  significant  amounts  of  P450  in  neurons 
could  render  these  vital  cells  vulnerable  to  injury 
through  bioactivation.  The  histochemical  evi¬ 
dence  suggesting  the  selective  localization  of  the 
endogenous  nucleophile  glutathione  in  the  glial 
cells  also  indicates  that  neuronal  cells  may  in¬ 
deed  be  vulnerable  to  damage  by  electrophilic 
metabolites  formed  through  bioactivation. 
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Abstract 

Multiple  forms  of  cytochrome  P450  (P450)  in  brain  tissue  have  been  demonstrated  to  be  expressible  in  brain 
tissue  using  polymerase  chain  reaction  (PCR)  techniques,  Northern  blotting,  hydroxylation  activity  assessment  and 
cloning  approaches.  The  antidepressant  drug  imipramine  is  metabolized  by  brain  microsomes  to  multiple  products 
by  pathways  inhibitable  by  quinidine,  7,8-benzoflavone,  and  ketoconazole,  well-known  inhibitors  of  P450-catalyzed 
reactions.  Moreover,  PCR  studies  revealed  that  a  number  of  P450s  are  expressible  in  brain  tissue  and  in  glioma  C6 
cells.  Quantitative  PCR  studies  further  demonstrated  the  response  of  many  of  these  forms  to  induction  in 
agreement  with  hydroxylation  activity  results. 

Keywords:  Brain  cytochrome  P450;  Brain  drug  metabolizing  system;  Brain  P450  isozyme  expression 


1.  Introduction 

Cytochrome  P450  (P450)-dependent  substrate 
hydroxylation  activities  have  been  reported  in 
brain  tissue  from  untreated  animals  and  animals 
pretreated  with  xenobiotic  inducers  or  hormones 
[1-4],  pointing  to  the  presence  of  a  drug  metabo¬ 
lism  system  that  was  solubilized  and  resolved 
into  its  components,  cytochrome  P450  reductase 
and  P450s  by  Bergh  and  Strobel  [5].  The  purified 
reductase  and  partially  purified  P450  were  able 
to  reconstitute  substrate  hydroxylation  activities 
giving  direct  evidence  for  a  competent  P450- 
dependent  drug  metabolizing  system  in  brain. 

The  range  of  P450  forms  present  and  express¬ 
ible  in  brain  has  been  expanded  by  purification 
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studies  [4-6]  and  by  studies  utilizing  molecular 
biological  techniques.  A  wide  range  of  P450 
forms  was  shown  to  be  expressible  in  brain  tissue 
using  polymerase  chain  reaction  (PCR)  [7].  Schil- 
ter  and  Omiecinski  [8]  used  Southern  blot  tech¬ 
niques  to  show  the  distribution  of  some  P450s  in 
various  brain  regions.  Our  laboratory  has  been 
interested  in  the  function  and  distribution  of 
P450s  in  brain  [9].  We  have  studied  the  dis¬ 
tribution  P450s  2D  in  brain  and  their  response  to 
xenobiotic  inducers  and  hormones  [10].  Here  we 
summarize  evidence  for  the  function  of  a  P450 
2D  form  or  forms  in  brain  microsomes  and 
describe  the  isolation  from  a  brain  cDNA  library 
of  a  form  of  P450  2D  which  seems  to  be  uniquely 
expressed  in  brain  tissue  [11].  We  also  report 
here  the  activity  of  P450  forms  in  glioma  cells 
[12,13]. 
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2.  Materials  and  methods 

The  methods  of  approach  and  materials  util¬ 
ized  are  as  previously  reported  [5,7,9-13].  Salient 
features  of  the  experiments  are  described  in  the 
Results  and  discussion  section  while  the  par¬ 
ticular  details  are  contained  within  the  references 
cited. 


3.  Results  and  discussion 

3.1.  Hydroxylation  activity  in  brain  tissue 
microsomes 

While  it  has  been  generally  accepted  that  the 
liver  is  the  organ  most  active  in  drug  metabolism 
roles,  other  organs  have  come  to  the  fore  in 
discussions  of  the  metabolic  fate  of  particular 
drugs.  The  activation  of  a  particular  carcinogen 
in  a  specific  organ  perhaps  catalyzed  by  a  specific 
P450  could  initiate  a  process  eventuating  in 
tumor  formation.  For  instance,  the  activation  of 
dimethylhydrazine  in  colonic  tissue  may  play  a 
role  in  the  development  of  tumors  of  the  colon 
following  exposure  to  the  colon-specific  model 
carcinogen  1,2-dimethylhydrazine  or  its  naturally 
occuring  precursor  cycasin  [14].  Likewise,  the 
presence  of  particular  P450s  in  brain  tissue  may 
direct  the  metabolism  of  drugs  in  brain  toward 
particular  product  profiles.  While  this  may  be 
generally  true  for  substrates  in  brain,  it  is  of 
particular  importance  for  those  drugs  which  act 
in  the  brain  to  treat  specific  brain  dysfunctions. 
Since  the  brain  plays  so  great  a  role  in  regulating 
many  other  body  processes,  alteration  in  drug 
metabolite  profiles  may  have  as  great  an  effect 


on  the  regulation  of  processes  in  distantly  located 
organs  as  it  does  in  the  brain  itself. 

We  have  investigated  the  metabolism  of  the 
tricyclic  amine  antidepressant  imipramine  by 
brain  microsomes.  The  metabolism  of  imipra¬ 
mine  is  linear  with  time  for  40  min  and  linear 
with  microsomal  protein  concentration  up  to  2.5 
mg  protein  (data  not  shown).  More  than  one 
metabolite  is  produced  [9].  The  effects  of  known 
P450  inhibitors  on  2  imipramine  metabolites  are 
shown  in  Table  1.  Ketoconazole  and  7,8-ben- 
zo[tf]flavone  each  inhibit  several  forms  of  P450 
including  1A1,  1A2,  2A1,  2E1  and  3 A.  These  2 
inhibitors  have  roughly  the  same  degree  of 
inhibition  of  the  formation  of  hydroxy  imipra¬ 
mine  products.  Ketoconazole,  however,  is  3  times 
as  effective  in  inhibiting  desipramine  formation 
than  is  7,8-benzo[a]flavone.  Quinidine  shows  a 
quite  different  pattern  in  that  it  inhibits  very 
strongly  the  formation  of  hydroxylated  products 
but  does  not  affect  demethylation.  The  effects  of 
these  3  inhibitors  suggest  that  more  than  one 
P450  is  involved  in  the  metabolism  of  imipra¬ 
mine.  The  effects  of  quinidine  strongly  suggest 
the  involvement  of  a  2D  family  member  in  the 
formation  of  hydroxy  imipramine  products  but 
not  in  demethylated  products. 

3.2.  Identification  of  P450  isoforms  in  brain  and 
glioma  C6  cells 

The  most  definitive  way  to  demonstrate  the 
effective  presence  of  a  form  of  P450  includes 
some  form  of  identification  of  a  form  such  as 
purification  of  the  form  or  immunoblot  definition 
and  assay  of  activity  attributable  to  that  form. 
Clearly  a  pure  form,  whether  isolated  or  ex- 


Table  1 

Effects  of  inhibitors  on  hydroxylation  and  demethylation  of  imipramine  by  brain  microsomes 


Inhibitor  added 

Percent  product  formed 

Hydroxylated 

imipramine 

Desipramine 

None 

100 

100 

Ketoconazole 

100  mM 

58 

23 

7.8-Benzoflavone 

100  fiM 

50 

70 

Quinidine 

10  fiM 

42 

100 

100 

3 

92 

H.W.  Strobel  et  al.  /  Toxicology  Letters  82183  (1995)  639-643 


641 


Table  2 

Forms  of  P450  identified  in  brain  and  glioma  C6  cells  by  PCR  techniques 


Tissue  source 

P450  forms 

Brain 

1A1 

1A2 

2A1 

2B1 

2B2 

2C7 

201, 2D,  2E1, 3  A 

Glioma  C6 

1A1 

1A2 

2A1 

2B1 

2B2 

2C7 

2  Dl/5, 2E1 

pressed  in  an  heterologous  system,  enables  the 
clearest  association  of  an  activity  with  a  form.  On 
the  other  hand,  it  is  also  useful  to  know  which 
P450  forms  a  tissue  can  express.  In  this  area  the 
PCR  technique  is  useful.  We  have  examined  rat 
brain  RNA  for  the  presence  of  transcripts  for 
various  P450  forms.  As  summarized  in  Table  2  a 
variety  of  forms  can  be  expressed  in  brain  and 
even  this  list  is  incomplete  [6-8,10,11].  There  is  a 
remarkable  concurrence  between  what  is  ex¬ 
pressible  in  whole  brain  and  what  is  expressible 
in  the  model  for  pure  glial  cells  -  the  glioma  C6 
cell  line  [12,13].  Here  also  the  list  is  incomplete 
because  the  presence  of  many  forms  has  not  yet 
been  examined.  The  results  here  indicate  only 
that  it  is  possible  to  express  these  forms.  The 
conditions  under  which  any  form  is  normally 
expressed  are  still  to  be  defined. 

3.3.  Effectors  of  hydroxylation  activity  in  brain 
and  glioma  C6  microsomes 
The  expressibility  of  forms  of  P450  as  detected 
by  PCR  assays  and  the  demonstration  of  micro¬ 
somal  P450-dependent  activities  point  with  clari¬ 
ty  to  the  presence  of  a  regulated  P450  system  in 
brain.  Since  glioma  C6  cells  show  a  quite  similar 
pattern  of  P450  forms  expressible,  it  appears  that 
the  P450  system  is  present  in  glial  cells.  To  test 
the  regulability  of  P450  activities  in  glioma  cells, 


the  response  of  glioma  cell  microsomal  hydroxy¬ 
lation  activities  following  treatment  of  the  cell 
culture  with  the  known  inducers  of  P450,  pheno- 
barbital  and  benzanthracene,  was  explored  [13]. 
As  summarized  in  Table  3,  similar  levels  of 
ethoxyresorufin  and  pentoxyresorufin  hydroxy¬ 
lation  activity  were  detectable  in  glioma  micro¬ 
somes  as  in  brain  microsomes  after  treatment 
with  benzanthracene  or  phenobarbital,  respec¬ 
tively.  In  untreated  cells,  however,  neither  activi¬ 
ty  could  be  detected  whereas  in  untreated  brain 
modest  levels  of  both  activities  could  be  demon¬ 
strated.  Thus  for  brain  and  glioma  C6  cells  the 
P450  system  is  regulated  by  exposure  to  inducers, 
as  well  as  other  factors.  This  follows  the  pattern 
of  induction  so  clearly  demonstrated  in  liver 
although  the  induced  levels  of  activity,  though 
not  necessarily  the  degrees  of  inducibility,  were 
much  higher  in  liver  than  in  glioma  or  brain. 

3.4.  P450  clones  isolated  from  brain  cDNA 
libraries 

The  ability  of  brain  microsomes  to  metabolize 
imipramine  and  the  differential  sensitivities  of 
product  formation  to  quinidine  and  other  in¬ 
hibitors  (vide  supra)  have  been  further  studied 
by  cloning  P450  forms  from  brain  cDNA  libraries 
prepared  from  saline  or  imipramine-adapted  rats 
[11].  Imipramine-adapted  rats  were  treated  daily 


Table  3 

Hydroxylation  activities  of  brain  and  glioma  C6  cell  microsomes 


Source 

Activity 

Ethoxyresorufin 

Pentoxyresorufin 

Untreated 

BA-treated 

Untreated 

PB-treated 

Brain 

0.2 

15 

0.2 

11 

Glioma  C6 

ND 

12 

ND 

9 

Liver 

24 

830 

26 

729 

Activity  is  expressed  in  pmol/min/mg  microsomal  protein. 

BA,  benzanthracene;  PB,  phenobarbital;  ND,  not  detectable. 
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Tabic  4 


P450  clones  isolated  from  a  rat  brain  library 


Clone 

Total  size 

Complete 

5'  Untranslated  end 

3'  Untranslated  end 

2D 

1786 

Yes 

196 

90 

2D 

2754 

Yes 

194 

1060 

with  imipramine  (10  mg  /kg)  for  3  weeks  while 
saline-treated  rats  received  saline  daily  for  3 
weeks.  The  libraries  were  probed  with  a  radio- 
labelled  probe  made  by  random  primer  labelling 
the  PCR  product  used  previously  to  identify  the 
2D  subfamily  in  brain  by  PCR  and  quantitative 
PCR  techniques  [10].  The  probe  proved  quite 
useful  and  sensitive.  Table  4  summarizes  some 
characteristics  of  2  clones  isolated  from  the 
imipramine-treated  or  saline-treated  cDNA  li¬ 
brary.  The  2  clones  described  in  Table  4  have 
identical  full-length  sequences  for  the  2D  form, 
but  differ  in  the  amount  of  untranslated  se¬ 
quence  at  the  5'  and  3'  ends.  More  sequence  is 
present  at  the  3'  end  than  at  the  5'  end.  As 
described  earlier  [11],  this  clone  is  quite  similar 
to  2D4  with  the  exception  of  8  base  differences 
in  the  open  reading  frame,  which  give  rise  to  5 
amino  acid  differences.  All  of  the  amino  acid 
differences  are  located  in  the  C-terminal  half  of 
the  protein.  The  homology  of  the  shorter  2D 
clone  with  2D4  is  quite  high  such  that  when  liver 
and  brain  are  probed  with  a  probe  made  of  the 
cDNA  clone,  both  liver  and  brain  show  positive 
results,  whereas  only  the  brain  shows  up  when 
the  probe  used  is  made  to  the  3'  untranslated 
region  of  the  longer  clone.  These  data  favor  the 
interpretation  that  the  homology  of  the  clone  to 
2D4  is  such  that  the  probe  recognizes  2D4  in  the 
liver  and  the  new  clone  in  the  brain.  On  the 
other  hand,  that  the  3'  untranslated  region  probe 
reacts  only  with  the  brain  sample  and  not  with 
the  liver  sample  suggests  that  the  new  clones  are 
unique  to  the  brain  or  at  least  not  expressed  in 
liver.  This  clone  seems  to  be  expressed  to  an 
increased  level  in  imipramine-treated  rats  [11]. 
The  isolation  of  this  clone  with  high  homology  to 
the  2D4  found  in  liver  yet  uniquely  expressed  in 
brain  is  consistent  with  the  metabolism  results  of 
brain  microsomes  presented  above.  In  other 
studies  we  have  isolated  2  forms  similar  to  3A 


and  3  unique  4F  forms,  though  the  sequencing  is 
not  yet  completed.  These  forms  extend  the  list  of 
forms  expressed  in  rat  brain  and  provide  a  base 
for  the  notion  that  metabolism  of  drugs,  especial¬ 
ly  drugs  active  in  the  brain,  may  be  catalyzed  by 
a  unique  array  of  forms  present  in  brain  which 
may  respond  more  readily  to  stimuli  such  as 
imipramine  than  closely  related  forms  in  other 
tissues. 
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Abstract 

The  brain,  with  the  exception  of  the  circumventricular  organs  (CVOs),  is  partially  protected  from  the  invasion  of 
blood-borne  chemicals  by  the  tight  junctions  that  link  adjacent  cerebral  endothelial  cells  and  form  the  structural 
basis  of  the  blood-brain  barrier  (BBB).  In  addition  to  the  BBB,  the  epithelial  layer  of  the  choroid  plexuses  and  the 
barrier  layer  of  the  arachnoid  membrane  complex  comprise  a  second  system  for  protecting  the  brain,  a  system  often 
referred  to  as  the  blood-cerebrospinal  fluid  (CSF)  barrier.  In  the  past  several  years,  several  enzymes  that  are 
involved  in  hepatic  drug  metabolism  have  been  found  in  the  small  microvessels  from  brain,  the  choroid  plexuses, 
and  the  leptomeninges  (pia  plus  arachnoid  mater)  as  well  as  in  some  CVOs.  These  drug-metabolizing  systems  are 
inducible  and  may  act  at  these  various  interfaces  as  ‘enzymatic  barriers’  to  influx.  In  particular,  the  activities  of 
these  enzymes  in  choroidal  tissue  are  so  high  that  the  choroid  plexuses  can  well  be  the  major  site  of  drug 
metabolism  in  the  brain.  The  fate  of  intracerebrally  formed  polar  metabolites  and  the  potential  of  the  blood-brain 
and  blood-CSF  barriers  as  sites  for  metabolic  activation-induced  neurotoxicity  are  discussed. 

Keywords:  Blood-brain  barrier;  Circumventricular  organs;  Drug-metabolizing  enzymes;  Choroid  plexuses;  Arach¬ 
noid  membrane 


1.  Introduction 

The  cerebral  capillaries  form  the  so-called 
blood-brain  barrier  (BBB)  and  are  the  main 
interface  between  the  brain  and  the  circulation;  a 
major  function  of  the  BBB  is  the  reduction  or 
prevention  of  blood-borne  chemical  entry  into 
brain  parenchyma  [1].  The  exchange  of  toxi- 
cologically  or  pharmacologically  active  xenobiot- 
ics  between  the  brain  parenchyma  and  the  cere¬ 
bral  circulation  is,  however,  more  complex  than 
that  represented  by  a  simple  ‘two-compartment’ 
model.  Additional  components  of  the  brain  dis- 
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tribution  system  include  blood-cerebrospinal 
fluid  (CSF)  exchange  across  the  choroid  plexuses 
and  arachnoid  barrier  layer,  CSF-cerebral  paren¬ 
chyma  transfer  across  the  ependymal  and  pial- 
glial  membranes,  CSF  circulation,  and  perivascu¬ 
lar  fluid  flow  and  drainage.  Finally,  the  peculiar 
brain  structures  collectively  referred  to  as  the 
circumventricular  organs  (CVOs)  lack  a  typical 
BBB  [2]  and  are  special  sites  for  drug  uptake  and 
neurotoxicity  and  possibly  additional  routes  of 
entry  into  surrounding  neural  tissue  and  CSF. 

In  the  last  2  decades,  evidence  that  some 
xenobiotic  metabolism  takes  place  within  the 
brain  has  been  suggested,  mostly  by  detecting 
and  quantifying  the  activities  of  several  en- 
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zymatic  complexes  known  to  catalyse  the  func¬ 
tionalization  or  the  conjugation  of  exogenous 
molecules  such  as  drugs  and  toxic  agents  present 
in  the  environment  [3,4].  These  enzymatic  sys¬ 
tems  consist  of  multigene  families  of  isoenzymes 
and  exhibit  a  broad  substrate  specificity.  Func¬ 
tionalizing  enzymes  include  cytochrome  P450s, 
which  catalyse  hydroxylation  and  dealkylation 
reactions,  and  epoxide  hydrolases,  which  inacti¬ 
vate  reactive  epoxides;  conjugating  enzymes  in¬ 
clude  UDP-glucuronosyltransferases  and  gluta¬ 
thione  5-transferases,  which,  of  course,  catalyse 
the  conjugation  of  glucuronic  acid  and  gluta¬ 
thione,  respectively,  to  various  substrates. 

As  the  overall  metabolic  capacities  of  these 
enzymes  are  rather  low  in  the  whole  brain,  the 
real  toxicological  significance  of  these  enzymes 
involves  the  establishment  of  their  precise  struc¬ 
tural  and  cellular  localization.  For  instance,  im- 
munohistochemical  and  transcripts  expression 
studies  have  shown  that  the  distribution  of  flavin- 
containing  monooxygenase  and  of  several  iso¬ 
enzymes  of  cytochrome  P450  responsible  either 
for  the  hydroxylation  and  dealkylation  of  various 
drugs  (P450  IIB1,2),  alcohol  oxidation  (P450 
IIE1)  or  polyaromatic  hydrocarbon  activation 
(CYP1A  family)  is  heterogeneous  among  brain 
structures  and  among  specific  populations  of 
neurons  and  glial  cells  (e.g.,  [5-8]).  This  chapter 
will  concentrate  on  the  localization  of  some  drug- 
metabolizing  enzymes  within  discrete  structures 
forming  the  various  interfaces  between  the  brain 
and  the  extracerebral  environment.  The  potential 
toxicological  relevance  of  this  localization  will  be 
discussed  together  with  the  potential  role  of 
the  cerebral  circulation  pathways  in  the  dis¬ 
semination  and  elimination  of  the  metabol¬ 
ites. 

2.  Blood-brain  interfaces  and  drug  transfer  into 
the  brain 

Some  lipophilic  compounds  may  have  direct 
access  to  brain  from  the  extracerebral  environ¬ 
ment  through  the  nasal  epithelium  and  along  the 
olfactory  nerve  into  the  olfactory  lobe  [9].  The 
main  pathway  of  drug  entry  into  the  brain  is, 
however,  through  the  general  circulation,  i.e.,  by 


crossing  the  BBB.  The  endothelial  cells  of  brain 
capillaries  are  joined  by  continuous  belts  of  tight 
junctions  and  are  devoid  of  fenestrae.  These 
tightly  linked  endothelial  cells  form  the  BBB. 
Because  virtually  no  solute  can  move  through  the 
very  restrictive,  high  resistance  intercellular  clefts 
of  the  cerebral  endothelium,  xenobiotics  will 
reach  most  parts  of  the  brain  only  by  passing 
through  the  endothelial  cell  plasma  membranes, 
a  greatly  limited  route  of  entry  for  highly  hydro¬ 
philic  molecules.  The  extent  of  brain  influx  for  a 
xenobiotic  will,  thus,  be  strongly  dependent  on 
its  lipophilicity  and  molecular  weight  (Table  1) 
except  for  molecules  that  can  be  carried  across 
the  BBB  by  one  of  its  specific  transporter  sys¬ 
tems.  The  latter  possibility  is  seldom  the  case  for 
drugs  (melphalan,  an  anticancer  amino  acid  ana¬ 
log,  is  an  example  of  a  drug  whose  entry  into 
brain  is  facilitated  by  a  transporter;  see  [10]). 
Other  important  factors  in  setting  brain  influx 
include  protein  binding,  red  cell  carriage,  cere¬ 
bral  blood  flow,  and  capillary  surface  area.  The 
latter  2  variables  differ  among  brain  regions  and 
are  partly  responsible  for  regional  differences  in 
drug  uptake,  disposition,  and  efficacy  [1]. 

In  accordance  with  the  previously  described 
dependency  of  solute  influx  into  brain,  the  diffu¬ 
sion  coefficient-partition  coefficient  product  of  a 
substance  (reflecting  the  lipophilicity  and  size  of 
the  molecule)  is  in  good  agreement  with  the 
permeability-surface  area  product  (the  physio¬ 
logical  expression  of  capillary  permeability)  for 
various  ‘model’  molecules.  However,  this  linkage 

Table  1 

Factors  setting  xenobiotic  influx  across  the  BBB 

•  Characteristics  of  the  compound 

-  molecular  size 

-  lipid  solubility 

-  plasma  water  concentration,  plasma  protein  and/or 

red  blood  cell  binding 

•  Characteristics  of  the  microcirculatory  system 

-  rate  of  blood  flow 

-  surface  area  available  for  transport 

•  Characteristics  of  the  endothelial  cells 

-  tight  junctions 

-  transporters 

-  multi-drug  resistance  (P-glycoprotein) 

-  drug  metabolism 
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is  weaker,  more  variable,  or  virtually  lacking  for 
many  drugs  and  neurotoxic  compounds  [11].  This 
suggests  that  other  processes  influence  the  brain 
uptake  of  many  drugs.  Two  of  these  putative 
processes  are  active  efflux  from  brain  to  the 
blood  by  the  P-glycoprotein  (Pg  or  P-170),  the 
multidrug  resistant  protein  (MDR)  transporter 
that  has  been  found  in  cerebral  capillaries 
[12,13],  and  drug  biotransformation  within  the 
endothelial  cell,  which  alters  both  the  activity 
and  the  lipophilicity  of  the  drug. 

The  7  CVOs  of  the  brain  are  the  subcommis¬ 
sural  organ,  subfornical  organ,  median  eminence, 
neural  lobe  of  the  hypophysis,  organum  vas- 
culosum  of  the  laminae  terminalis  (OVLT), 
pineal  gland  and  area  postrema.  As  their  collec¬ 
tive  name  implies,  these  small  brain  structures 
are  located  in  close  proximity  to  the  ventricles 
and,  in  some  cases,  also  the  subarachnoid  space. 
The  CVOs,  with  the  exception  of  the  subcommis¬ 
sural  organ,  have  capillaries  that  lack  BBB  prop¬ 
erties  and  are  surrounded  by  large  fluid-filled 
perivascular  spaces  (Fig.  1).  The  endothelial  cells 
in  these  6  CVOs  are  fenestrated  and  generally 
lack  tight  junctions  (the  endothelium  of  the 
OVLT  is  sealed  by  tight  junction  but  is  fenes¬ 
trated).  The  capillaries  in  most  CVOs  are  highly 
permeable  to  blood  borne  chemicals  such  as 
hormones.  This  high  capillary  permeability  ap¬ 
parently  facilitates  the  neuroendocrine  functions 
of  these  tissues  (for  a  review,  see  [2]).  In  these 
structures,  the  uptake  rate  of  xenobiotics  will  be 
mainly  set  by  blood  flow  and  capillary  surface 
area.  Both  parameters  vary  greatly  among  the 
CVO  and  are  in  general  equal  to  or  several  times 
greater  in  CVOs  than  in  cerebral  grey  matter 
[14].  Accordingly,  these  odd  brain  structures 
would  be  expected  to  be  highly  sensitive  to  toxic 
insults. 

The  blood-CSF  interfaces  are  represented  by 
the  choroid  plexuses  and  the  barrier  layer  of  the 
arachnoid  (Fig.  1),  the  latter  constituting  a  tight 
membrane  between  the  subarachnoid  CSF  and 
the  porous  vessels  of  the  dura  mater.  The 
choroid  plexuses  lie  in  the  4  ventricles  of  the 
brain.  They  consist  of  capillaries  that  lack  BBB 
properties,  a  connective  tissue-filled  interstitium, 
and  a  surrounding  choroidal  epithelium,  whose 


Fig.  1.  Light  micrograph  of  rat  brain  CVOs  and  adjacent 
structures.  One-micron  sections  of  epon-embedded  tissue 
were  stained  with  toluidine  blue.  (A)  The  pineal  gland  (PG) 
is  surrounded  by  subarachnoid  space  and  lies  on  top  of  the 
superior  colliculus  (SC),  the  latter  being  covered  by  a  thick 
glia  limitans  (GL).  (B)  The  subfornical  organ  (SFO)  lies 
below  the  white  matter  of  the  hippocampal  commissure 
(HC).  Choroid  plexuses  (CP)  can  be  seen  adjacent  to  the 
SFO  and  contain  large  capillaries  (Cap).  The  velum  inter- 
positum  (VI)  is  an  extension  of  the  subarachnoid  space  that 
ends  in  the  vicinity  of  the  SFO.  Note  the  large  perivascular 
spaces  surrounding  the  capillaries  in  both  CVOs  (arrows), 
whereas  the  capillaries  in  the  other  brain  tissue  are  complete¬ 
ly  devoid  of  such  spaces  (arrowheads)  Scale  bars  represent 
100  (im. 

cells  are  joined  by  tight  junctions.  In  the  choroid 
plexus  the  barrier  is,  therefore,  shifted  from  the 
endothelium  to  the  epithelial  covering.  The  pa¬ 
rameters  that  set  brain  influx  at  the  BBB  (lipid 
solubility  and  molecular  size)  apparently  also 
apply  at  the  2  blood-CSF  barriers.  In  addition, 
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the  epithelial  choroidal  cells  are  known  to  have 
special  transport  systems  for  ions,  amino  acids, 
and  other  substances.  An  extensive  system  of 
microvilli  is  present  on  the  apical  (CSF-facing) 
membrane  of  the  epithelial  cells,  and  elaborate 
interdigitations  are  seen  along  their  basal  sur¬ 
faces.  The  choroid  plexuses  not  only  secrete  CSF 
but  are  also  involved  in  neuroendocrine  func¬ 
tions,  actively  deliver  micronutrients  into  the 
CSF,  and  ‘take-up’  metabolites  and  toxic  sub¬ 
stances  from  the  CSF.  In  addition  the  choroid 
plexuses  are  involved  in  the  delivery  to  and 
clearance  from  the  CSF  of  several  drugs  (e.g., 
AZT)  and  of  various  xenobiotics  [15]. 

3.  Potential  for  drug  metabolism  in  the  blood- 
brain  interfaces 

The  major  site  of  metabolism  during  drug 
transfer  into  the  brain  by  the  nasal  pathway  is 
probably  the  non-neural  olfactory  epithelia.  In¬ 
deed  the  nasal  cavity  contain  numerous  drug- 
metabolizing  enzymes,  some  of  which  are  present 
at  very  high  activities  (for  a  review,  see  [16]).  In 
the  rat  and  monkey,  the  olfactory  bulbs  and 
olfactory  nerve  also  express  some  isoforms  of 
cytochrome  P450  and  UDP-glucuronosyltransfer- 
ase  at  higher  levels  than  do  brain  regions  [7,8,17- 
19]. 

In  general  the  brain  structures  lacking  a  BBB 
have  higher  capacities  for  drug  metabolism  than 
the  cerebral  cortex  [20].  In  particular  the  mem¬ 
brane-bound  epoxide  hydrolase  and  UDP- 
glucuronosyltransferase  activities  are  very  large 
in  the  neural  lobe  of  the  hypophysis,  and  7- 
benzoxyresorufin-O-deethylase  activity,  which  is 
an  acceptable  indicator  of  cytochrome  P450 
transformation  of  xenobiotics,  is  singularly  high 
in  the  median  eminence. 

Differences  in  the  enzyme  profiles  among  the 
CVOs  suggest  an  endogenous,  physiological 
function  for  some  of  these  metabolic  systems  and 
in  some  of  these  particular  brain  structures.  Such 
a  physiological  role  does  not,  of  course,  eliminate 
the  biotransformation  of  exogenous  molecules 
invading  the  CVOs  by  these  systems  but  suggests 
that  there  may  be  some  competition  for  metabo¬ 
lism  by  endogenous  substrates.  Nonetheless,  such 
drug-metabolizing  systems  would  provide  some 


enzymatic  protection  of  these  fragile  brain  struc¬ 
tures.  Finally,  the  lack  of  a  BBB  in  the  CVOs 
facilitates  the  entry  into  these  tissues  of  mole¬ 
cules  that  have  the  ability  to  induce  drug- 
metabolizing  enzymes  in  the  liver  and  other 
organs.  Such  molecules  may  increase  the  drug 
metabolism  capacity  of  the  CVOs  as  has  been 
shown  in  the  pituitary  gland  [21]. 

It  is  likely  that  neither  the  xenobiotics  nor 
their  metabolites  are  likely  to  spread  to  a  signifi¬ 
cant  extent  from  the  CVOs  into  the  adjacent 
CSF  and  be  carried  to  other  parts  of  the  brain 
because  the  membrane  separating  these  peculiar 
neuroendocrine  structures  from  the  CSF  appear 
to  be  rather  tight  [2]. 

The  effectiveness  of  the  drug-metabolizing 
enzyme  within  the  BBB  depends  on  the  tight 
junctions,  which  seal  the  intercellular  spaces  and 
force  materials  to  pass  through  the  endothelial 
cells  in  their  course  between  blood  and  brain. 
During  this  process  of  passively  dissolving  and 
diffusing  through  the  BBB,  xenobiotics  are  ex¬ 
posed  to  the  enzymatic  systems  of  the  endotheli¬ 
al  cells.  The  metabolites  formed  are  usually  more 
hydrophilic  and  are  therefore  less  able  to  cross 
the  BBB  than  the  parent  compounds.  There  thus 
may  be  some  problem  in  eliminating  such  prod¬ 
ucts  from  the  cells  that  produce  them.  On  the 
other  hand,  these  metabolites  usually  do  not 
have  the  same  pharmacotoxicological  properties 
as  the  parent  molecule  and  their  temporary 
accumulation  may  not  adversely  affect  the  endo¬ 
thelium.  Lastly  drugs  and  related  compounds 
would  not  be  expected  to  cross  the  BBB  by 
transcytosis,  as  seemingly  happens  with  some 
proteins  and  peptides,  and  are  thus  not  likely  to 
escape  exposure  to  the  various  drug-metaboliz¬ 
ing  systems. 

Cerebral  endothelial  cells  and  their  immedi¬ 
ately  adjacent  pericytes  are  ensheathed  together 
within  the  same  basement  membrane.  In  turn 
this  bicellular  complex  is  almost  completely  cov¬ 
ered  by  astrocytic  end-feet  or  processes.  The 
metabolic  capacities  of  both  pericytes  and  as¬ 
trocytic  processes  may  play  a  role  in  the  bio¬ 
transformation  of  xenobiotics  moving  back  and 
forth  between  cerebral  blood  and  brain  paren¬ 
chyma. 

The  best  known  example  of  a  toxicologically 


J.F.  Ghersi-Egea  et  al.  /  Toxicology  Letters  82/83  (1995)  645-653 


649 


relevant  biotransformation  of  a  xenobiotic  at  the 
level  of  the  BBB  is  the  metabolism  of  1-methyl- 
4-phenyl-l,2,3,6-tetrahydropyridine  (MPTP)  into 
its  dihydropyridinium  form  (MPP  )  by  mito¬ 
chondrial  monoamine  oxidase-B  (MAO-B). 
When  present  in  the  brain  parenchyma,  MPP  + 
induces  a  Parkinson-like  syndrome  in  humans 
and  primates.  However,  when  MPTP  is  metabo¬ 
lized  at  the  level  of  the  BBB,  entry  of  the 
resulting  MPP+  into  the  brain  is  prevented  by  its 
high  polarity.  Species  that  have  low  levels  of 
endothelial  MAO-B  such  as  primates  and 
humans  are,  therefore,  much  more  sensitive  to 
MPTP  insult  than  species  whose  cerebral  capil¬ 
laries  have  large  amounts  of  MAO-B  such  as  rats 
and  mice  [22]. 

Among  the  ‘classical7  drug-metabolizing  en¬ 
zymes,  cytochrome  P450  haemoproteins,  several 
cytochrome  P450-dependent  monooxygenases, 
NADPH-cytochrome  P450  reductase  and  epox¬ 
ide  hydrolase  activities  have  been  detected  in 
microvessel  preparations  from  both  human  and 
rat  brain  tissue  [17,20,23,24].  Cytochrome  P450 
IIE1  has  been  demonstrated  by  immunohistoch- 
emistry  in  most  small  blood  vessels  of  the  brain 
as  well  as  in  the  glial  end-feet  abutting  on  the 
vessels.  The  immunoreactivity  of  blood  vessel 
walls  is  not  uniform  among  all  brain  areas,  being 
especially  prominent  in  areas  such  as  the  white 
matter  of  the  cerebellum  [7],  which  is  not  a 
highly  vascular  structure  [25,26].  Cytochrome 
P450  IIB1,2  immunoreactivity  is  also  strong  in 
the  cerebral  microvessels.  Both  endothelial  cells 
and  pericytes  are  apparently  stained  [6]. 

As  for  conjugating  enzymes,  UDP- 
glucuronosyl transferase  activity  toward  planar 
molecules  such  as  1-naphthol  has  been  demon¬ 
strated  in  rat  brain  capillaries  [20,23],  and  one 
a -class  glutathione  5-transferase  (YkYk)  has 
been  localized  to  endothelial  cells  and/or  as¬ 
trocytic  end-feet  associated  with  blood  vessels 
[27].  More  precise  cellular  localization  of  the 
enzymes  seen  in  isolated  brain  capillary  prepara¬ 
tions  has  not  been  possible  to  date.  Indeed 
because  the  basement  membrane  is  continuous 
around  the  capillaries  and  encloses  the  capillary- 
associated  pericytes,  the  isolated  material  in¬ 
cludes  not  only  the  endothelial  cells  but  also 
pericytes  and  astrocytic  processes.  Therefore 


caution  has  to  be  used  in  attributing  ‘isolated 
microvessel7  activities  to  endothelial  cells  only. 
Be  that  as  it  may,  the  activities  of  some  drug- 
metabolizing  enzymes  are  several  times  higher  in 
the  microvessel  than  in  the  cortical  parenchyma, 
and  the  level  in  microvessels  can  be  increased  by 
in  vivo  treatment  with  exogenous  inducers 
[20,23].  These  various  observations  highlight  the 
potential  for  drug  metabolism  by  the  BBB  and 
the  influence  this  process  may  have  on  the  entry 
of  drug  and  toxins  into  brain. 

A  large  part  of  the  cytochrome  P450  in  cere¬ 
bral  microvessels  is  mitochondrial  [23],  and  en¬ 
dogenous  substrates  have  been  identified  for 
some  cytochrome  P450  isoenzymes  [28].  As  said 
before,  it  is  likely  that  some  isoenzymes  of 
cytochrome  P450  as  well  as  some  isoenzymes  of 
other  drug-metabolizing  systems  are  involved  in 
various  physiological  activities  in  the  BBB  under 
normal  conditions. 

The  most  striking  finding  concerning  drug- 
metabolizing  enzymes  at  blood-brain-CSF  inter¬ 
faces  is  the  very  high  activities  of  UDP- 
glucuronosyltransferase  and  epoxide  hydrolase  in 
the  rat  choroid  plexuses  (Table  2),  and  to  a 
lesser  extent  in  the  leptomeninges.  Specifically, 
the  activities  of  these  enzymes  in  the  choroid 
plexuses  are  at  least  equal  to  those  in  the  liver 
when  expressed  on  a  per  mg  protein  basis.  The 
activities  of  several  cytochrome  P450  isoenzymes 
involved  in  the  metabolism  of  xenobiotics  are 
also  relatively  high  in  the  choroid  plexuses, 
although  not  as  large  as  in  the  liver.  The  choroid 
plexuses  and  pial  /  arachnoid  membranes  are 
strongly  cytochrome  P450  IIB1,2  immuno- 
reactive  [6].  Also  significantly  present  in  the 
choroid  plexuses  are  a  class  and  fx  class  gluta¬ 
thione  5-transferases  [20,27].  Finally  the  choroid 
plexuses  have  high  levels  of  glutathione  per¬ 
oxidase,  an  enzyme  that  could  transform  and 
inactivate  various  peroxides  [29].  Although  in- 
ducibility  properties  of  the  choroidal  enzymes 
are  incompletely  studied  to  date,  preliminary 
data  indicate  that  the  UDP-glucuronosyltransfer- 
ase  isoenzyme  that  catalyzes  the  conjugation  of 
1-naphthol  is  inducible  by  polycyclic  aromatic 
hydrocarbon  in  a  similar  manner  to  that  of  the 
hepatic  enzyme  [30].  The  precise  cellular  locali¬ 
zation  (i.e.  epithelial  versus  endothelial)  of  most 
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Table  2 

Some  enzymes  involved  in  the  protection  against  reactive  molecules  and  displaying  a  high  specific  activity  in  the  rat  choroid 
plexuses 


Enzymes 

Suslrates 

Ratio  of  activity 
compared  to 
cortex  homogenate 

UDP-GIucuronosyl- 

Mostly  phenolic 

200-400 

transferase 
(isoform  conjugating 
planar  substrate) 

coumpounds 

Epoxide  hydrolase 

Reactive  (intermediate) 

35 

(membrane-bound) 

epoxides  and  arene 
oxides 

Glutathione  peroxidase 

Hydrogen  and  lipid 
peroxides 

13 

From  [20,29]. 


of  these  enzymes  has  not  be  defined;  preliminary 
immunohistochemistry  findings  with  an  antibody 
raised  against  the  soluble  form  of  the  epoxide 
hydrolase  has  shown  a  strong  signal  specifically 
associated  with  the  cytoplasm  of  the  choroidal 
epithelial  cells  (J.  Szmydynger-Chodobska,  pers. 
commun.). 

These  different  levels  of  activities  among  the 
systems  associated  with  the  choroid  plexuses 
suggest  that  the  drug-metabolizing  enzymes  in 
this  structure  may  act  not  only  as  enzymatic 
barriers  towards  circulating  exogenous  molecules 
but  also  as  ‘liver-like’  detoxification  systems  for 
the  brain  and  CSF.  This  adds  an  additional 
pharmacotoxicological  element  to  the  various 
newly  discovered  roles  of  these  peculiar  cerebral 
structures  (for  further  details,  see  the  recent 
review  by  Johanson  [15]).  The  site  of  metabolite 
secretion  from  the  choroid  plexuses  (endo¬ 
thelium  or  epithelium;  basolateral  or  apical 
membranes)  and  the  mechanism  of  this  processes 
remain  to  be  studied. 

4.  Role  of  blood-brain  interfaces  in  the 
elimination  of  intracerebrally  formed 
metabolites 

The  metabolites  of  xenobiotics  usually  are 
more  polar  than  the  parent  molecules.  Because 
tight  junctions  seal  most  of  the  cells  forming  the 
blood-brain-CSF  interfaces  (i.e.  capillary  endo¬ 
thelial  cells,  choroidal  epithelial  cells,  and  arach¬ 


noid  membrane  cells),  the  elimination  of  such 
hydrophilic  molecules  from  brain  and  CSF  re¬ 
mains  an  issue,  as  just  mentioned.  In  more  detail, 
such  metabolites  may  leave  the  brain  by  a 
specific  transport  mechanism  at  the  level  of  the 
BBB,  as  has  been  shown  for  some  glucuronides 
[19].  Alternatively,  they  may  move  from  brain 
parenchyma  into  the  ventricular  or  subarachnoid 
CSF  by  diffusion  through  the  interstitium  or  bulk 
flow  through  the  perivascular  spaces.  Recent 
evidence  suggests  that  CSF  and  entrained  materi¬ 
al  flow  rapidly  through  the  ventricles  and 
aqueduct  and  into  the  lateral  recesses  of  the 
fourth  ventricle  and  subarachnoidal  cisterns 
(Ghersi-Egea,  Patlak,  and  Fenstermacher,  un¬ 
published  observations). 

As  CSF  flows  along  this  route,  exchange  with 
the  brain  parenchyma  can  occur  through  the 
ependymal  lining  of  the  ventricles  [31]  and 
through  the  pial-glial  border  at  some  but  not  all 
places  along  the  subarachnoid  system  (Ghersi- 
Egea  and  Fenstermacher,  unpublished  observa¬ 
tions).  With  respect  to  the  former  site  of  CSF- 
brain  exchange,  drug-metabolizing  enzymes  such 
as  the  [a  form  of  glutathione  S-transferase  [32], 
cytochrome  P450  IIE1  [7]  and  cytochrome  P450 
IIB1,2  [6]  have  been  reported  to  be  present  in 
relatively  large  amounts  in  the  ependyma.  With 
respect  to  the  pial-glial  membrane,  the  move¬ 
ment  of  polar  substances  from  the  subarachnoid 
space  into  brain  parenchyma  seems  to  be  greatly 
reduced  by  a  thick  glia  limitans  (Fig.  1)  at  a 
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number  of  superficial  midbrain  structures  such  as 
the  superior  colliculus  (Fenstermacher  and  Gher- 
si-Egea,  unpublished  observations)  but  is  signifi¬ 
cant  and  apparently  diffusional  at  other  sites,  for 
example,  the  cerebral  cortex  [33].  Ultimately, 
some  or  all  of  the  CSF-contained  metabolites  will 
be  cleared  through  the  arachnoid  villi  into  the 
venous  system  or  into  the  cervical  lymphatics  via 
perivascular  spaces  [34]. 

5.  Toxicity  induced  by  drug  metabolism  in 
blood-brain  interfaces 

In  some  cases,  highly  reactive,  accordingly 
toxic  molecules,  such  as  oxygen  and  xenobiotic 
radicals  and  electrophilic  products,  can  be  gener¬ 
ated  from  the  interaction  of  exogenous  molecules 
with  drug-metabolizing  enzymes.  For  instance, 
cytochrome  P450  IIE1  is  responsible  for  the 
metabolic  activation  of  several  precarcinogens 
and  solvents.  Cytochrome  P450  of  the  1 A  family, 
together  with  epoxide  hydrolase  activates  poly¬ 
cyclic  aromatic  hydrocarbons  into  highly  reactive 
diol-epoxide  metabolites.  The  consequences  of 
such  metabolic  activation-induced  cell  toxicity 
could  disrupt  the  integrity  of  the  BBB  and/ or  the 
choroidal  barrier  and  ultimately  lead  to  wide¬ 
spread  brain  dysfunction.  Evidence  that  a  pro¬ 
duction  of  superoxide  anion  occurs  during  the 
monoelectronic  reductive  metabolism  of  various 
drugs  by  brain  capillaries  [35]  suggests  that  this 
‘negative’  aspect  of  drug  metabolism  at  brain 
interfaces  is  worthy  of  further  investigation. 

Among  the  currently  available  in  vivo  BBB 
models,  a  co-culture  of  bovine  brain  endothelial 
and  glial  cells  that  closely  mimics  the  in  vivo 
properties  of  cerebral  capillaries  has  been  de¬ 
veloped  by  Dehouck  et  al.  [36]  and  used  to 
investigate  the  effects  of  hypoxia  at  the  level  of 
the  BBB  [37].  In  this  study,  the  co-cultured  cells 
proved  to  be  structurally  and  functionally  altered 
by  this  model  of  oxidative  stress,  possibly  by  the 
production  of  reactive  species.  Among  the  altera¬ 
tions  were  an  increase  in  permeability  of  the 
‘barrier,’  rearrangement  of  the  intracellular  F- 
actin  filaments  associated  with  the  ‘tight’  junc¬ 
tions  of  the  endothelial  cells,  and  a  decrease  in 
the  activities  of  anti-oxidant  enzymes.  In  vivo 


corroboration  of  this  work  and  further  in  vivo 
and  in  vitro  studies  of  the  mechanisms  and 
toxicological  consequences  of  drug-induced  met¬ 
abolic  activation  at  the  level  of  the  BBB  are 
clearly  called  for  in  view  of  the  importance  of  the 
BBB  in  various  age-related  neuropathologies 
such  as  dementia  and  multiple  sclerosis. 
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Abstract 

The  antiepileptic  drug  phenytoin  is  known  to  be  substrate  as  well  as  inducer  of  cytochrome  P450  (P450)  in  the 
mammalian  liver.  We  were  able  to  show  the  expression  of  P450  species  immunorelated  to  the  main  phenytoin- 
induced  hepatic  isoforms  in  mice  (CYP2C29)  and  rats  (CYP2B1,2)  also  in  the  central  and  peripheral  nervous 
system  and  primary  cultures  of  cell  types  from  the  brain.  The  2B1,2  related  protein  showed  only  a  weak  constitutive 
expression  in  vivo  and  in  vitro  analyzed  by  immunocytochemistry,  in  situ  hybridization,  Northern  blot  and 
RT/polymerase  chain  reaction  (PCR).  Contrary,  the  CYP2C29  related  form  is  inducible  by  phenytoin  at  about 
1.5-fold  starting  from  an  already  higher  constitutive  level.  This  protein  is  characterized  by  a  remarkable  tendency  to 
dissociate  from  the  endomembranes  during  tissue  homogenization.  The  supernatant  of  microsomal  pellet  is  able  to 
metabolize  phenytoin  in  a  reconstitutive  system. 

Keywords:  Blood-brain  barrier;  Brain  metabolism;  Cytochrome  P450;  Liver;  Phenobarbital;  Phenytoin 


1.  Phenytoin  works  as  anticonvulsant,  but 
provokes  neurotoxic  effects 

Chronic  application  of  antiepileptic  drugs  may 
cause  cerebellar  dysfunctions  and  in  rare  cases 
cerebellar  degeneration.  In  the  case  of  phenytoin 
it  is  not  yet  clearly  understood  whether  the  drug 
alone,  the  enormous  metabolic  stress  during 
seizures  or  both  are  responsible  for  the  cerebel¬ 
lar  damage.  Repeatedly  we  described  significant 
dystrophic  changes  in  presynaptic  portions  of 
Purkinje  cell  axons  following  long-term  adminis¬ 
tration  of  phenytoin  to  mice  [1].  In  a  present 
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paper  [unpublished]  we  have  summarized  all  the 
aspects  of  morphological,  ultrastructural,  bio¬ 
chemical  and  electrophysiological  alterations 
during  phenytoin  influence  and  subsequent  with¬ 
drawal  of  the  drug.  We  interpreted  the  presynap¬ 
tic  Purkinje  cell  axonal  alterations  as  a  conse¬ 
quence  of  a  profound  cerebellar  functional  net¬ 
work  imbalance  resulting  in  Purkinje  cell  hy¬ 
peractivity  with  subsequent  synaptic  exhaustion 
and  disintegration. 

The  pharmacological  as  well  as  the  toxicologi¬ 
cal  effects  of  phenytoin  in  this  context  are 
thought  to  be  based  on  its  accumulation  in  the 
membrane  system  of  especially  sensitive  cells 
(neurons  and  glia  cells)  influencing  their  excita- 


0378-4274/ 95/ $09.50  ©  1995  Elsevier  Science  Ireland  Ltd.  All  rights  reserved 
SSDI  0378-4274(95)03511-1 


656 


B.  Volk  et  al.  /  Toxicology  Letters  821  S3  (1995)  655-662 


[Mg]  phenytoin/g  [g]  of  organ 


—jug  DPH/g  tissue  ■total  weight 

Fig.  1.  Phenytoin  (DPH,  diphenylhydantoin)  distribution  in 
liver  and  brain  tissues  of  mice  following  drug  administration 
of  a  daily  dose  of  80  mg  /kg  body  weight  during  3  weeks. 
Comparison  of  phenytoin  accumulation  (fx g  DPH/g  tissue) 
with  the  total  body  weight  (g). 

tion  behavior  and  therefore  their  function.  To 
prove  this  idea,  we  analyzed  the  distribution  of 
orally  given  phenytoin  within  perfused  liver  and 
brain  tissue  (Fig.  1).  It  is  striking  that  the  ratios 
of  the  drug  concentrations  in  brain  and  liver  and 
those  of  total  organ  weights  are  comparable.  The 
choice  of  the  C57B1/6J  mouse  as  suitable  animal 
model  results  from  our  findings  that  mice,  con¬ 
trary  to  rats,  are  less  potent  metabolizers  of 
phenytoin.  This  results  in  a  4  times  higher  drug 
concentration  in  the  serum  (20  jug/ ml)  and 
neurotoxicological  effects  on  cerebellar  network 
structure  and  functions. 

2.  Phenytoin  acts  as  substrate  and  inducer  of 
distinct  cytochrome  P450  isoforms  in  the  liver 

Ahead  of  our  investigations  concerning  the 
brain‘s  capacity  to  metabolize  phenytoin  we  had 


to  clarify,  above  all,  the  role  of  the  liver  during 
the  metabolization  of  the  incorporated  drug. 
Besides  phenytoin  we  involved  phenobarbital 
into  our  analyses.  It  has  been  evidenced  in  a 
scoparone/scopoletin/isoscopoletin  assay  [un¬ 
published]  that  phenytoin  behaves  like  pheno¬ 
barbital  with  respect  to  cytochrome  P450  (P450) 
induction.  The  competition  between  both  induc¬ 
ers/substrates  could  therefore  explain  difficulties 
in  the  therapy  of  epileptic  patients  treated  with  a 
combination  of  phenytoin  and  phenobarbital 
[2,3].  In  a  rat  model  the  enhanced  degradation  of 
phenytoin  has  already  been  shown  when  it  was 
given  in  combination  with  phenobarbital  [4]. 

Degradation  of  phenytoin  or  phenobarbital  is 
initiated  by  P450  monooxygenase  reactions  in  the 
liver  [5].  Moreover,  the  drugs  act  species-depen- 
dent  as  inducers  of  P450  in  rat  and  mouse  liver 
(Fig.  2).  The  different  amounts  of  total  P450  are 
caused  by  differential  expressions  of  specific 
isoforms  induced  by  both  drugs.  Phenobarbital 
acts  as  potent  inducer  of  CYP2B1  in  rats  [5]  and 
the  regioselective  O-demethylation  of  scoparone 
is  used  as  indicator  for  this  kind  of  induction  [6]. 
This  metabolism,  found  also  after  phenytoin 
treatment,  gives  strong  evidence  for  a  phenobar- 
bital-like  induction  of  CYP2B1  by  phenytoin  in 
the  rat  liver.  However,  phenobarbital  is  the  more 
potent  inducer  of  CYP2B1  in  rats. 

In  the  mouse  liver,  phenytoin  and  phenobarbi¬ 
tal  act  as  inducers  of  P450  as  well.  But  in  contrast 
to  the  findings  in  rat  liver,  phenytoin  is  the  more 
potent  inducer  (Fig.  3).  The  differences  among 
the  scoparone  metabolites  generated  by  liver 
microsomes  of  mice  and  rats,  respectively,  indi¬ 
cate  the  action  of  a  novel  P450  isoform  in  mouse, 
not  comparable  with  the  CYP2B1.  This  isoform 
has  been  purified  and  identified  according  to  its 
A-terminal  sequence  as  CYP2C29.  Metabolic 
activity  and  drug  clearance  by  the  highly  induc¬ 
ible  CYP2B1  in  rat  liver  seems  to  be  more 
effective  than  those  by  CYP2C29  in  mouse  liver. 
This  might  be  the  reason  for  the  extrahepatic 
effects  of  the  xenobiotics  found  in  mice,  especial¬ 
ly  in  the  central  nervous  system  (CNS).  Hip¬ 
pocampal  blebs  [7],  ataxia  and  Purkinje  cell 
axonopathy  [8]  (see  above)  and  first  evidence  for 
P450  action  after  phenytoin  administration  [9,10] 
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Fig.  2.  Total  content  of  P450  in  subfractions  of  mouse  and  rat 
liver  following  administration  of  phenytoin  and  phenobarbital 
(see  Fig.  1  for  animal  feeding).  PB,  phenobarbital;  Ctr, 
untreated  animals. 


could  be  detected  in  the  mouse  brain,  but  not  in 
the  rat  brain. 

During  the  degradation  of  phenytoin  by 
hepatic  P450  enzymes  short-living  reactive  me¬ 
tabolites  are  generated,  which  are  likely  candi¬ 
dates  of  the  drug‘s  cytotoxicity  in  general  (Fig. 
4).  However,  we  are  more  interested  in  getting 
detailed  information  about  the  degradation  of 
this  antiepileptic  drug  in  the  brain. 

3.  Expression  of  P450  isoforms  in  the  brain 
immunorelated  to  hepatic  CYP2B1,2  and 
CYP2C29 

3.1.  Evaluation  of  total  P450  content 
First,  the  analysis  of  the  total  P450  content  in 
brain  tissue  homogenates  and  microsomal  frac¬ 
tions  revealed  a  different  increase  following 


density  units 


mouse 

system 


rat  system 


Fig.  3.  Species  differences  in  the  P450  expression  on  the  basis 
of  different  P450  isoforms  induced  in  the  liver  tissues  of  rats 
and  mice  by  DPH  and  PB.  The  detection  of  P450  isoforms 
was  done  with  specific  antibodies  (see  text)  using  Western 
blot  and  densitometric  evaluation  of  the  specific  signals. 


phenytoin  and  phenobarbital  treatment,  respec¬ 
tively  (Fig.  5).  Most  striking  is  the  high  P450 
value  of  the  phenobarbital  homogenate  which 
has  no  equivalent  on  the  microsomal  level, 
whereas  the  phenytoin  sample  contains  the  high¬ 
er  P450  concentration.  The  supernatant  of 
phenytoin  and  phenobarbital  samples  seems  to 
be  slightly  enriched.  The  absence  of  the  mito¬ 
chondrial  fractions  may  explain  the  fact  that  the 
P450  concentration  in  the  homogenates  is  higher 
than  in  the  microsomes. 
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Fig.  4.  The  metablism  of  phenytoin  by  P450  results  in  the 
formation  of  3  main  degradation  products  via  the  short-living 
reactive  metabolite  arene  oxide. 

3.2.  Mapping  of  CYP2C29  and  CYP2B1 
immunor elated  isoforms 

Both  isoforms,  respectively,  were  used  as  im¬ 
munogens  to  produce  polyclonal  antibodies  as 
probes  to  investigate  the  nervous  system,  the 
target  tissue  of  both  antiepileptics.  By  means  of 
these  antibodies  we  could  localize  the  sites  of 
corresponding  immunoreactivities  throughout 
the  nervous  system  [10].  The  pattern  of  staining 
is  not  distributed  evenly  throughout  the  CNS.  It 
was  found  to  be  restricted  to  only  some  cellular 


pmol  P450/mg  Protein 
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Fig.  5.  Total  content  of  P450  in  subtractions  of  the  mouse 
brain  as  measured  by  Na-dithionite-reduced  carbon  monox¬ 
ide  spectrophotometry. 


populations.  The  most  striking  aspect  of  im- 
munostaining  is  a  predominant  reactivity  in  the 
evolutionary  old  brain  parts.  Neuropil  and  neu¬ 
ronal  staining  was  found  in  the  spinal  cord 
(motor  neurons  of  the  ventral  horn),  medulla 
oblongata  (hypoglossal  nuclei,  magnocellular 
part  of  the  lateral  reticular  nuclei),  pons  (tri¬ 
geminal,  facial,  cochlear  and  pontine  nuclei), 
cerebellum  (granule  cells),  midbrain  (dorsal 
raphe  nucleus)  and  limbic  lobe  (hippocampal 
pyramidal  cells).  Neuropil  reactivity  alone  ap¬ 
peared  in  cerebellar  nuclei,  midbrain,  thalamus, 
basal  ganglia,  neopallium  and  olfactory  brain. 
Generally,  pia  mater /arachnoid,  ependyma, 
choroid  plexus,  vascular  system  and  some  as¬ 
trocyte  populations  were  found  to  be  strongly 
immunoreactive  to  antiCYP2C29  but  less  to 
antiCYP2Bl,2.  These  structural  elements  are 
cellular  components  of  interfaces:  vascular  and 
ventricular  border  lines.  The  cerebrovascular 
system  has  developed  a  unique  mechanism  to 
protect  nerve  cells  against  foreign  substances 
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possibly  acting  as  neurotoxins.  This  protection  is 
made  possible  by  the  cooperation  of  structural 
and  functional  components  of  the  blood-brain 
barrier.  Part  of  the  metabolic  capacities  of  the 
cell  types  forming  the  body‘s  border  line  are 
P450-directed  hydroxylations  of  lipophilic  sub¬ 
stances  accumulated  in  the  endomembranes  of 
endothelial  cells,  as  well  as  accompanying 
pericytes,  astrocytes  and  ependymal  cells  of  the 
choroid  plexus. 

3.3.  Analyses  of  P450  protein  induction , 
purification  and  metabolic  activities 

To  get  more  insight  into  cell  type  specific 
equipment  with  and  properties  of  CYP2B1.2  and 
CYP2C29  related  isoforms  we  turned  to  in  vitro 
cultures  of  cell  populations  characterized  by  in 
situ  P450  immunoreactivity.  Primary  cultures  of 
endothelial  and  neuronal  cells  of  astrocytes  and 
microglia  were  found  to  be  able  to  express  both 
isoforms  constitutively. 

Brain  capillary  endothelial  cells  from  pigs 
expressed  CYP2B1,2  with  striking  cell- type  dif¬ 
ferences  up  to  day  10  in  culture,  as  shown  by 
immunocytochemical  studies.  Spectrophotomet- 
ric  analyses  revealed  a  high  content  of  total  P450 
in  isolated  endothelial  cells,  but  the  expression 
strongly  decreased  during  10  days  of  culture.  The 
application  of  phenytoin  to  the  medium  (1  /iM) 
caused  no  higher  expression  of  P450,  indicating 
that  pig  endothelial  cells  are  not  inducible  under 
these  conditions. 

Contrary  to  these  findings  the  results  of  pheny¬ 
toin  application  to  cultured  astrocytes,  the  sec¬ 
ond  cellular  entity  of  the  blood-brain  barrier,  had 
influence  on  the  P450  content.  Astrocyte  cultures 
prepared  from  the  rat  brain  showed  a  remark¬ 
able  expression  of  both  P450  species.  The  per¬ 
centage  of  strongly  immunoreactive  astrocytes 
decreased  from  40%  after  7  days  in  culture  to 
15%  after  21  days.  Essentially  all  astrocytes  have 
a  low  but  significant  P450  immunoreactivity 
within  this  interval.  Phenytoin  (1  pM)  added  to 
the  medium  for  7  days  significantly  (1.2-fold) 
evoked  a  significant  increase  of  total  P450  in 
astrocyte  homogenates  as  confirmed  by  spectro¬ 
photometry  and  cell  countings.  Considerably 


more  immunoreactive  cells  (1.5-fold)  were  found 
in  treated  cultures  than  in  controls  [11]. 

In  the  same  way  mouse  astrocytes  in  culture 
express  P450  with  a  low  tendency  to  enhance  its 
concentration  following  phenytoin  and  pheno- 
barbital  application  to  an  extent  comparable  with 
that  in  brain  tissue  (see  above,  Fig.  5).  Western 
blots  of  cultured  astrocytes  (controls  and 
phenytoin-treated)  showed  a  CYP2C29-immuno- 
reactive  protein  in  the  molecular  weight  range  of 
the  corresponding  hepatic  immunogen  (51-52 
kDa)  and  additionally  a  stronger  signal  at  60-62 
kDa  (Fig.  6).  This  protein  could  be  localized  by 
preembedding  immunoelectron  microscopy  as 
being  associated  with  the  endomembrane  system, 
including  smooth  and  rough  endoplasmic  re¬ 
ticulum,  outer  sheaths  of  the  double-layered 
envelopes  of  mitochondria  and  nuclei  and  partly 
the  limiting  plasma  membrane. 

As  in  cultured  astrocytes  the  weakly  mem¬ 
brane-bound  protein  appeared  very  significant  in 
the  microsomal  supernatant  of  rat  and  mouse 
brain  tissue  during  differential  centrifugation 
procedures.  Attempts  to  purify  this  protein  led  to 
surprising  insights  in  its  uncommon  solubility 
during  tissue  homogenization.  Most  immuno 
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1  2  3  4  5 

Fig.  6.  CYP2C29  Western  blot  of  phenytoin-treated  (1,2) 
astrocyte  primary  culture  compared  with  controls  (3,4).  (1,3) 
soluble  fractions  (150  000  x  g  supernatant);  (2,4)  membrane 
fraction  (150000  X  g  pellet);  (5)  marker  proteins.  The  arrows 
point  to  the  high-molecular-weight  ‘soluble’  protein  at  62 
kDa  and  the  typical  CYP2C29  position  at  51  kDa,  respective¬ 
ly.  The  immunoreactivities  against  the  antiCYP2C29  poly¬ 
clonal  antibody  were  labeled  with  the  alkaline  phosphatase 
reaction. 
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reactivity  appeared  in  the  supernatant  of  a  10  000 
X  g  spin  (containing  membranes,  mitochondria 
and  cytosol).  After  the  sedimentation  of  mito¬ 
chondria  (15  000  X  g)  and  microsomes  (100  000 
X  g)  the  signal  accumulated  further  in  the  last 
supernatant.  The  faint  signal  of  the  microsomal 
pellet  could  be  easily  removed  by  sonication  and 
a  final  microsome  sedimentation.  Such  a  sonica¬ 
tion  effect  has  not  been  observed  in  the  case  of 
the  tightly  membrane-bound  CYP2B1,2  immuno- 
related  isoform. 

At  present  we  are  concerned  with  purifying 
and  analyzing  the  ‘soluble’  protein.  We  estab¬ 
lished  a  reconstitutive  test  system  which  was  able 
to  metabolize  14C-labeled  phenytoin  (Fig.  7). 
Further,  the  protein  was  enriched  in  a  gradual 
isolation  procedure  by  ammonia  sulfate  precipi¬ 
tation,  hydrophobic  interaction  chromatography 
and  preparative  isoelectric  focusing.  It  showed 
the  characteristic  dithionite-reduced  carbon 
monoxide  absorption  peak  at  450  nm  and  the 
Western  blot  signal  at  Mr  62  kDa  corresponding 
to  that  in  neuronal  and  glial  subfractions.  Further 
efforts  have  to  be  undertaken  to  reveal  the 
identity  of  this  protein.  Molecular  biological 


methods  are  a  particularly  suitable  tool  to  realize 
this  task. 

3.4.  Molecular  biology 

We  are  analyzing  the  mRNA  expression  in 
phenytoin-treated  mouse  astrocyte  cultures  by 
means  of  CYP2C29  probes  as  was  done  already 
with  the  CYP2B1  mRNA  in  rat  astrocytes.  In 
this  case  no  signals  could  be  detected  on  North¬ 
ern  blots.  Contrary  to  this,  RT/polymerase  chain 
reaction  (PCR)  enabled  the  amplification  and 
detection  of  a  CYP2B1  specific  sequence  on 
Southern  blots  [unpublished].  The  semi-quantita¬ 
tive  estimation  of  the  PCR  products  points  to  a 
low  constitutive  expression,  but  a  lacking  in- 
ducibility  of  the  CYP2B1  gene  in  rat  astrocytes 
by  phenobarbital  (Fig.  8). 

The  probes  used  for  the  detection  of  specific 
PCR  products  were  applied  to  localize  the 
CYP2B1  mRNA  in  single  cells  of  the  rat  as¬ 
trocyte  cultures  and  in  sections  of  rat  brain  and 
liver  tissues.  In  situ  hybridization  with  digox- 
igenin-labeled  sense  and  antisense  probes 
showed  with  convincing  clearness  the  distribu¬ 
tion  of  CYP2B1  mRNA  as  identical  to  the 


Fig.  7.  The  main  phenytoin  metabolites  DHD  (dihydrodiol).  Fig.  8.  CYP2B  1-specific  mRNA  sequences  could  be  detected 

p-HPPH  (p-hydroxyphenylphenvlhydantoin)  and  m-HPPH  in  non-treated  astrocyte  cultures  of  rat  brain  and  in  the 

(w-hydroxvphenylphenylhydantoin)  generated  by  the  soluble  control  liver  tissue  of  rats  following  RT/PCR  and  Southern 

fraction  of  mouse  astrocyte  cultures  (supernatant  of  the  blotting.  Ethidium  bromide  staining,  1.5%  agarose  gel  elec- 

150000  x  g  spin).  HPLC-radiogram  of  the  reconstitutive  trophoresis.  Lanes  1  and  2.  astrocyte  culture;  lanes  3  and  4, 

assay  supplemented  with  0.25  /xC i  [uC]phenytoin.  liver  tissue. 
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Fig.  9.  (a,b)  Astrocytes  in  culture  were  proved  to  express 
constitutively  CYP2B1  mRNA  (a)  and  protein  (b).  (a)  In  situ 
hybridization  with  digoxigenin-labeled  antisense  CYP2B1 
cRNA-probes  revealed  the  location  of  specific  mRNAs  in  the 
perinuclear  space.  The  detection  of  the  hybridization  events 
was  performed  by  means  of  alkaline  phosphatase  immuno- 
cytochemistry.  Magn.:  X630.  (b)  Immunocytochemical  evi¬ 
dence  of  a  CYP2B1,2  protein  with  the  intracellular  dis¬ 
tribution  comparable  with  those  of  CYP2B1  cRNA.  Indirect 
fluorescence  microscopy  with  fluorescein  isothiocyanate. 
Magn.:  X400. 


CYP2B1,2  protein  distribution  immunocyto- 
chemically  labeled  with  the  specific  antibody. 
Even  the  intracellular  labeling  pattern  is  compar¬ 
able  because  both  macromolecules  are  concen¬ 
trated  on  the  perinuclear  areas.  The  processes  of 
the  cells  remain  free  of  staining  (Fig.  9). 

Further  attention  will  be  focused  on  the  full- 
length  sequencing  of  brain  P450  species  and  the 
analysis  of  task-sharing  among  the  isoforms  ex¬ 
pressed  in  the  various  cell  types  of  the  CNS. 

4.  P450  monooxygenases  form  the  key  enzyme 
system  in  the  chemical  defense,  but  also  in  the 
regulation  of  endogenous  substrates  in  the 
context  of  neuronal  differention 

The  constitutive  expression  of  P450  mRNA 
and  protein  independent  of  a  possible  induction 
by  adequate  substrates  is  a  very  important  prop¬ 
erty  of  the  cells  of  the  nervous  system.  Therefore 
contrary  to  cultivated  hepatocytes  brain  cells 
(neurons,  endothelial  and  glia  cells)  retain  their 
ability  to  express  P450  in  culture  during  3-4 
weeks. 

It  is  also  remarkable  that  hepatic  endothelial 


cells  lack  CYP2B1,2  and  CYP2C29  obviously 
due  to  high  levels  of  various  constitutive  and 
inducible  members  of  the  P450  superfamily  in 
the  hepatocytes  themselves.  The  constitutive 
presence  of  both  isoforms  in  the  vascular  system 
of  the  CNS,  forming  the  blood-brain  barrier, 
might  be  a  necessary  protection  which  is  active 
any  time  in  view  of  the  limited  regenerative 
capability  of  the  brain  and  its  susceptibility  to  the 
effects  of  a  broad  spectrum  of  neurotoxically 
acting  xenobiotics  and  drugs. 

Besides  the  great  importance  of  some  P450s  as 
tools  in  the  chemical  defense,  growing  evidence 
was  found  during  the  last  decade  for  the  in¬ 
volvement  of  the  P450  system  in  the  regulation 
of  central  nervous  biochemical  pathways.  In 
particular  the  modification  of  gonadal  and  adren¬ 
al  hormones  in  the  brain  (testosterone  into 
estradiol)  by  CYP19  (aromatase),  the  synthesis 
of  brain  specific  neurosteroids  (cholesterol  into 
pregnenolone)  and  the  degradation  of  free  ster¬ 
oids  by  specific  P450  isoforms  are  central  events 
and  therefore  decisive  impulses  for  the  early 
differentiation  of  many  brain  structures. 

Both  aspects  of  P450  activities  in  the  nervous 
tissue  are  of  relevance  for  our  efforts  to  learn 
more  about  the  structure  and  function  of  the 
brain. 
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Abstract 


There  is  an  abundant  amount  of  information  on  the  mechanisms  of  action  of  genotoxic  chemicals  that  act  as 
carcinogens  and  the  role  that  mutations  play  in  carcinogenesis.  However,  carcinogenesis  is  more  than  mu  agenesis 
and  many  carcinogens  are  not  mutagens.  Thus,  there  is  a  need  to  consider  nongenotoxic  mechanisms  that  may  be 
involved  in  carcinogenesis.  In  this  paper,  we  review  our  working  hypothesis  that  hypomethylation  of  DNA 
epigenetic,  nongenotoxic  mechanism  that  plays  a  role  in  tumor  promotion  by  facilitating  aberrant  gene  expression 
The  utility  of  employing  experimental  models  that  focus  on  relevant  comparisons  between  sensitive  and  resistant 
strains  of  mice  is  emphasized.  Additionally,  aspects  of  DNA  methylation  in  rodents  and 

contrasted.  We  discuss  hypomethylation  of  DNA  as  a  secondary  mechanism,  that  is  expected  to  be  threshold- 
exhibiting  and  conclude  by  describing  how  this  information  may  facilitate  a  rational  approach  towards 
assessment  when  dealing  with  nongenotoxic  compounds  that  are  carcinogenic  in  a  bioassay. 

Keywords:  Bioassay;  Carcinogenesis;  DNA  methylation;  Epigenetic;  Genotoxic;  Nongenotoxic;  Promotion;  Risk 
assessment 


1.  Introduction 

Carcinogenesis  is  a  multistep  process  that  can 
be  viewed  as  involving  stages  of  initiation,  pro¬ 
motion  and  progression  [1].  The  existence  of 
these  stages  was,  in  our  view,  correctly  not 
intended  to  connote  that  mutation  only  occurs 
during  initiation,  or  that  promotion  only  involves 
stimulating  proliferation  of  and/or  inhibiting 
apoptosis  of  initiated  cells  [2].  Operationally, 

*  Corresponding  author,  Tel:  +1  517  353  9346;  fax:  +1  517 
353  8915. 

1  Based  upon  a  presentation  made  in  a  workshop  entitled 
‘Nongenotoxic  Chemical  Carcinogenesis’,  7th  International 
Congress  of  Toxicology,  Seattle,  WA,  USA,  2-6  July  1995. 


promotion  entails  the  clonal  expansion  of 
initiated  cells  and  an  initiated  cell  is  one  that  may 
proliferate  in  response  to  promoter  treatment. 
The  terms  initiation  and  promotion  suggest  dif¬ 
ferent  modes  of  action.  Alterations  to  the 
genome,  e.g.  a  change  in  DNA  methylation  (the 
extent  and  pattern  of  cytosine  residues  present  as 
5-methylcytosine  (5MeC))  or  mutation,  take 
place  at  multiple  points  in  the  carcinogenic 
process,  for  example  as  in  the  model  of  colon 
carcinogenesis  based  on  the  work  of  Vogelstein 
et  al.  [3].  Carcinogens  that  interact  with  and  alter 
DNA  are  categorized  as  genotoxic  (the  chemical 
or  a  metabolite  of  it  is  DNA  reactive)  and  these 
are  mutagenic  in  appropriate  test  systems  [4]. 
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There  is  an  abundant  amount  of  information  on 
mechanisms  of  action  of  genotoxic  carcinogens 
and  the  role  that  mutations  play  in  carcinogen¬ 
esis  [5].  However,  carcinogenesis  is  more  than 
mutagenesis  and  many  carcinogens  are  not 
mutagens.  A  mismatch  repair  deficiency  has  been 
identified  in  phenotypically  normal  human  cells. 
The  people  who  donated  these  cells  had  numer¬ 
ous  mutations  in  a  variety  of  tissues  but  very  few 
tumors  were  evident  [6].  Additionally,  among  a 
group  of  138  chemicals  deemed  to  be  car¬ 
cinogenic  as  a  result  of  bioassays  conducted  by 
the  National  Toxicology  Program,  33%  are  not 
mutagenic  to  Salmonella  and  possess  a  non-alert¬ 
ing  chemical  structure  [7],  Thus,  there  is  a  need 
to  consider  nongenotoxic  mechanisms  that  play  a 
role  in  carcinogenesis.  Hypomethylation  of  DNA 
(a  decrease  in  the  level  of  5MeC)  appears  to  be 
one  of  these,  and  we  are  testing  the  hypothesis 
that  hypomethylation  of  DNA  is  an  epigenetic 
mechanism  involved  in  tumor  promotion  [8]. 

2.  Inheritance  of  phenotype,  epigenetics  and 
DNA  inethylation 

Changes  in  gene  expression  resulting  in  an 
altered  phenotype  may  be  due  to  genetic  mecha¬ 
nisms  involving  an  altered  DNA  base  sequence 
(i.e.  mutation)  or  to  epigenetic  mechanisms  in¬ 
volving  heritable  changes  in  DNA  modification. 
The  preservation  of  DNA  methylation  patterns 
and  DNA-protein  complexes  for  multiple  cell 
generations  are  examples  of  heritable  modifica¬ 
tions  to  DNA  [9].  DNA  methylation  is  a  mecha¬ 
nism  underlying  epigenetics,  the  term  describing 
the  transmission  of  alternative  states  of  gene 
activity  in  somatic  cells  [10].  Additionally,  meth¬ 
ylation  may  play  a  role  in  genomic  imprinting; 
the  preferential  expression  of  either  the  maternal 
or  paternal  allele  of  a  gene  [10-12]. 

DNA  methylation  regulates  gene  expression 
[12]  by  influencing  chromatin  structure  [13]  and 
the  methyl  group  influences  the  binding  of  tran¬ 
scription  factors,  either  directly  or  indirectly  by 
facilitating  the  binding  of  proteins  that  bind  to 
methylated  DNA  [14].  Inhibition  of  transcription 
and  DNA  methylation  are  related  directly,  and 
this  is  not  an  all-or-none  phenomenon  [15]. 


Hypomethylation  is  necessary  but  not  sufficient 
for  expression.  Thus,  a  hypomethylated  gene  can 
be  viewed  as  having  a  higher  potential/probabili¬ 
ty  of  being  expressed  as  compared  to  a  hy- 
permethylated  gene  [16].  In  this  context  it  should 
be  noted  that  even  in  the  case  of  the  mannose-6- 
phosphate/ insulin-like  growth  factor  II  receptor 
(Igf2r)  gene  where  methylation  in  an  intron 
seems  to  be  an  imprinting  signal  required  for 
expression,  hypomethylation  of  the  5'  flanking 
region  is  required  for  expression  [17].  Hypo¬ 
methylation  may  be  a  nongenotoxic  mechanism 
facilitating  the  aberrant  gene  expression  involved 
in  carcinogenesis  [8,16,18,19].  For  example,  ex¬ 
cessive  expression  of  normal  Ha -ras  can  trans¬ 
form  cells  [20]  and  the  transforming  ability  of  a 
variety  of  oncogenes  is  dependent  upon  their 
increased  expression  [21].  This  is  not  unexpected 
because  with  the  exception  of  tumor  suppressor 
genes,  a  mutated  gene  must  be  expressed  in 
order  to  affect  phenotype. 

3.  DNA  methylation  and  carcinogenesis 

Changes  in  DNA  methylation  are  a  consistent 
finding  in  cancer  cells  [22,23].  Arguably,  overall 
hypomethylation  of  DNA  is  the  most  consistent 
alteration  of  the  genome  that  is  observed  in 
carcinogenesis.  For  example,  hypomethylation 
has  been  demonstrated  to  occur  as  an  early  event 
in  the  development  of  colon  cancer  [3].  Addi¬ 
tional  support  for  the  role  of  hypomethylation  of 
DNA  in  carcinogenesis  is  found  by  comparing 
the  level  of  methylation  at  various  stages  of 
several  types  of  human  cancers;  overall,  the  level 
of  methylation  decreases  progressively  as  one 
goes  from  normal  tissue  to  benign  tumors  to 
primary  malignancies  to  secondary  malignancies 
[22].  A  recent  study  has  also  demonstrated  that 
the  degree  of  hypomethylation  increases  with  the 
grade  of  cervical  neoplasia  [24].  Additionally, 
placement  of  rodents  on  methyl-deficient  diets 
results  in  liver  tumors  and  it  is  associated  with 
hypomethylation  of  DNA  [25,26]. 

There  are  other  roles  for  DNA  methylation  in 
carcinogenesis  and  these  involve  tumor  suppres¬ 
sor  genes  and  mutation.  Regional  hypermethyla- 
tion  may  play  a  role  in  carcinogenesis  by  inhib- 
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iting  transcription  of  tumor  suppressor  genes  [27] 
and  by  facilitating  genetic  instability  leading  to 
loss  of  tumor  suppressor  genes  [28].  Spontaneous 
deamination  of  5MeC  results  in  the  generation  of 
thymine  and  may  lead  to  a  C-G  to  T-A  transition 
[29].  Further,  in  the  presence  of  low  levels  of 
S-adenosylmethionine,  DNA  methylase  may  be 
able  to  catalyze  the  deamination  of  cytosine  to 
form  uracil,  again  leading  to  C-G  to  T-A  transi¬ 
tions  [30],  Thus,  the  high  rate  of  mutation  at 
CpG  dinucleotides  may  be  due,  in  part,  to 
methyltransf  erase-mediated  deamination  [23]. 
These  additional  possibilities  are  compatible  with 
our  hypothesis  regarding  the  role  of  hypo- 
methylation  of  DNA  in  tumor  promotion  [8]  and 
are  not  mutually  exclusive.  Indeed,  it  is  reason¬ 
able  to  predict  that,  alone  or  in  combination, 
these  aspects  of  altered  DNA  methylation  may 
be  involved  in  the  multistep  process  of  carcino¬ 
genesis. 

4.  Marked  hypomethylation  may  inhibit 
tumorigenesis 

The  results  of  two  recent  publications  indicate 
that  hypomethylation  of  DNA  brought  about  by 
a  reduction  in  DNA  methyltransferase  levels  can 
inhibit  tumorigenesis.  These  involve  antisense 
RNA  to  DNA  methyltransferase  mRNA  [31]  or 
heterozygosity  of  the  methyltransferase  gene  in 
combination  with  administration  of  the 
methyltransferase  inhibitor  5-azacytidine  [32]. 
Both  of  these  experimental  conditions  are  ex¬ 
pected  to  result  in  marked  hypomethylation. 
Since  DNA  methylation  plays  a  critical  role  in 
development  [11]  and  differentiation  [10],  we 
believe  it  is  reasonable  to  propose  that  hypo¬ 
methylation  at  an  intermediate  level  does  play  a 
critical  role  in  carcinogenesis  while  excessive 
hypomethylation  may  not  be  compatible  with  cell 
life;  dead  cells  do  not  form  tumors. 

5.  Cell  proliferation  and  DNA  methylation 

Cell  proliferation  plays  a  key  role  in  carcino¬ 
genesis  [33].  This  involves  expansion  of  clones  of 
initiated  cells  during  promotion  and  progression. 
Additionally,  cell  proliferation  may  contribute  to 


carcinogenesis  by  facilitating  mutagenesis  [34], 
including  the  point  mutations  resulting  from 
spontaneous  deamination  of  5MeC  and 
methyltransferase-mediated  deamination  of  cyto¬ 
sine,  discussed  above.  However,  it  would  be  a 
mistake  to  focus  upon  mutagenesis  solely.  Hypo¬ 
methylation  may  occur  during  periods  of  DNA 
replication,  and/or  as  a  result  of  decreased 
maintenance  methylation  [35],  the  latter  may  be 
either  due  to  a  decreased  capacity /fidelity  of  the 
maintenance  methylase,  or  a  decreased  level  of 
the  methyl  donor,  S-adenosylmethionine.  There¬ 
fore,  alterations  in  DNA  methylation,  including 
hypomethylation  [19],  may  be  one  mechanism 
underlying  a  role  for  cell  proliferation  in  carcino¬ 
genesis.  Additionally,  hypomethylation  may 
occur  by  an  enzymatic  removal  of  5MeC  and 
replacement  with  cytosine  that  is  not  linked  to 
cell  proliferation  [12]. 

6.  Hypomethylation  of  DNA  can  be  viewed  as 
a  secondary  mechanism 

A  secondary  mechanism  involved  in  carcino¬ 
genesis  is  defined  as  an  indirect  mechanism  that 
can  be  shown  to  exist  under  conditions  of  the 
bioassay  (e.g.  chronic  administration  of  maxi¬ 
mum  tolerated  doses  of  the  test  chemical)  and 
can  alter  the  tumor  incidence  independent  of  the 
test  chemical  per  se  [36].  The  practical  signifi¬ 
cance  of  the  distinction  between  primary  and 
secondary  mechanisms  is  that  secondary  mecha¬ 
nisms  are  expected  to  involve  a  threshold.  Based 
upon  the  criteria  outlined  for  a  secondary  mecha¬ 
nism  [37],  we  suggest  that  hypomethylation  of 
DNA  can  be  described  as  a  secondary  mecha¬ 
nism  involved  in  carcinogenesis.  This  view  is 
supported  because  hypomethylation  of  DNA  is  a 
biologically  plausible,  nongenotoxic,  threshold- 
exhibiting,  mechanism  that  is  involved  in  the 
regulation  of  gene  expression.  In  addition,  the 
level  of  5MeC  can  be  measured  experimentally 
in  specific  genes  and  in  a  global  sense  in  entire 
tissues.  Hypomethylation  of  DNA  has  been 
demonstrated  in  human  and  animal  cancers.  A 
particularly  exciting  aspect  of  our  hypothesis  is 
the  data  indicating  that  conditions  which  favor 
methylation  can  inhibit  carcinogenesis,  e.g.  treat- 
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ment  with  S-adenosylmethionine  decreased  the 
incidence,  number  and  size  of  preneoplastic 
lesions  and  hepatocellular  carcinomas  in  rats  that 
had  been  subjected  to  initiation  with  diethylnit- 
rosamine  and  promotion  with  phenobarbital  [38]. 
Taken  together  each  of  these  points  provides 
support  for  considering  hypomethylation  of 
DNA  as  a  secondary  mechanism  involved  in 
tumorigenesis. 

7.  Mouse  liver  tumorigenesis  as  a  model 

Our  experimental  interests  involve  testing  the 
hypothesis  that  hypomethylation  of  DNA  is  a 
nongenotoxic  mechanism  that  facilitates  aberrant 
gene  expression  involved  in  tumor  promotion  [8]. 
5MeC  most  commonly  occurs  at  CpG  sites,  but 
may  also  occur  at  CpC,  CpA,  or  CpT  sites. 
Additionally,  5MeC  may  be  found  in  mammalian 
cells  at  CXG  sites  [39].  Methylation  status  of 
DNA  is  generated  by  a  maintenance  process  that 
occurs  after  DNA  replication  using  the  5MeC 
present  on  the  parental  strand  as  a  signal  [12]. 
However,  methylation  of  DNA  is  not  limited  to 
the  maintenance  methylation  reaction,  and  may 
also  occur  de  novo  [12].  This  process  provides  a 
mechanism  whereby  hypomethylation  may  be 
reversed  and  reversibility  is  a  hallmark  feature  of 
the  promotion  stage  of  carcinogenesis  [1].  Speci¬ 
fically,  our  research  [8]  is  focused  on  an  examina¬ 
tion  of  methylation  status  and  gene  expression  in 
strains  of  mice  that  have  different  susceptibilities 
to  both  spontaneous  and  chemical-induced  liver 
tumorigenesis;  the  B6C3F1  and  C3H/He  are 
relatively  susceptible  strains,  while  the  C57BL/6 
is  relatively  resistant  [40].  Importantly,  the 
B6C3F1  is  the  FI  hybrid  of  a  C57BL/6  female 
and  a  C3H/He  male,  so  comparisons  may  be 
made  between  genetically  related  animals. 

Our  initial  focus  on  Ha -ras  was  due  to  the 
high,  though  not  universal,  involvement  of  mu¬ 
tated  Ha -ras  (at  codon  61)  in  genotoxic  chemical- 
induced  and  spontaneous  liver  tumors  in  the 
B6C3F1  mouse  [41,42].  The  C3H/He,  also  a 
relatively  sensitive  strain,  has  a  variable  inci¬ 
dence  of  mutation  of  Ha -ras  in  spontaneous  liver 
tumors  [42,43].  Nongenotoxic  chemical  induced 
liver  tumors  in  the  B6C3F1  mouse  [44]  and  the 


C3H/He  mouse  [45]  have  a  low  frequency  of 
mutated  Ha-ras.  However,  as  discussed  below, 
this  does  not  preclude  hypomethylation  and 
increased  expression  of  Ha -ras  playing  a  role  in 
the  development  of  these  tumors.  Interestingly, 
non-liver  tumors  in  the  B6C3F1  mouse  have  a 
low  incidence  of  Ha -ras  mutation;  as  do  di- 
ethylnitrosamine-induced  liver  tumors  in  the 
Fischer-344  rat  [41]  and  the  C57BL/6  mouse 
[42].  Thus,  the  lack  of  uniformity  in  detecting 
mutation  of  Ha-ras  in  these  tumors  suggests  that 
a  factor(s)  in  addition  to  mutation  may  influence 
tumor  formation.  It  was  in  this  context  that  we 
assessed  methylation  status  and  gene  expression 
of  Ha-ras  in  normal  mouse  liver  and  in  liver 
tumors.  Our  studies  demonstrated  that  Ha-ras  in 
the  liver  tumor  prone  strains  (i.e.  B6C3F1  and 
C3H/He)  lacks  a  methylated  site  that  is  present 
in  the  liver  tumor  resistant  C57BL/6  [16].  This 
gene  was  also  shown  to  be  hypomethylated  in 
chemical-induced  (using  genotoxic  and 
nongenotoxic  compounds)  and  spontaneous  liver 
tumors  in  the  B6C3F1  mouse  [16,46].  Increased 
expression  of  Ha-ras  was  also  evident  [16,47]. 
Together  these  data  demonstrate  that  hypo¬ 
methylation  and  increased  expression  of  Ha-ras 
are  common  events  in  liver  tumorigenesis  in  the 
B6C3F1  mouse.  Furthermore,  we  have  suggested 
[47,48]  that  those  hepatocytes  exhibiting  an  in¬ 
creased  expression  of  Ha-ras  and  raf  may  be  able 
to  overcome  the  growth  inhibitory  actions  of 
phenobarbital  (PB)  and  serve  as  the  progenitors 
of  PB-promoted  liver  tumors.  Indeed,  develop¬ 
ment  of  resistance  to  growth  inhibition  may  be  a 
general  mechanism  involved  in  tumor  promotion 
as  opposed  to  being  unique  to  PB  [48]. 

In  light  of  the  multistep  nature  of  tumori¬ 
genesis  we  did  not  limit  our  analysis  to  one  gene 
involved  in  control  of  cell  growth  and  differentia¬ 
tion;  we  also  investigated  the  raf  oncogene  as 
another  potential  target.  Ha-ras  and  raf  are  both 
involved  in  signal  transduction  with  raf  func¬ 
tioning  downstream  of,  or  independently  of,  Ha¬ 
ras  [49].  We  have  demonstrated  hypomethylation 
of  raf  in  the  B6C3F1,  but  not  the  C57BL/6,  after 
a  promoting  dose  of  PB  for  2  weeks  [47].  Addi¬ 
tionally,  raf  is  hypomethylated  in  the  B6C3F1 
mouse  in  spontaneous  and  PB-induced  liver 
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tumors  [47].  Increased  raf  expression  is  evident 
in  the  majority  of  PB-induced,  but  not  sponta¬ 
neous,  liver  tumors  [47].  Taken  together,  these 
data  support  the  notion  that  PB-induced  tumors 
develop  along  a  different  pathway  from  sponta¬ 
neous  tumors  and  that  the  C57BL/6  has  a  higher 
capacity  to  maintain  normal  methylation  status 
of  DNA  than  the  liver  tumor  prone  B6C3F1. 

Interestingly,  a  murine  transgene  has  been 
demonstrated  to  be  differentially  methylated 
depending  upon  the  genetic  background  of  the 
host  strain.  There  is  a  high  level  of  methylation 
and  lack  of  expression  when  the  C57BL/6  mouse 
serves  as  the  host,  while  the  gene  is  un¬ 
methylated  and  expressed  in  the  DBA/2  mouse 
[50].  DBA/2  mice  are  approximately  20-fold 
more  susceptible  to  hepatocarcinogenesis  than 
C57BL/6  mice  following  perinatal  treatment 
with  diethylnitrosamine  [51].  This  supports  our 
view  [8,47,48,52]  that  hypomethylation  is  in¬ 
volved  in  carcinogenesis  and  that  a  low  capacity 
to  methylate  DNA  can  contribute  to  an  in¬ 
creased  susceptibility  to  carcinogenesis. 

8.  5'  Flanking  region  of  Ha-ras:  mouse  vs. 
human 

We  have  analyzed  the  methylation  status  of 
portions  of  the  5'  flanking  region  of  Ha-ras  in 
B6C3F1  and  C57BL/6  mice  by  two  approaches, 
(1)  Southern  analysis  utilizing  oligonucleotide 
probes  [53]  and  (2)  a  more  sensitive  approach 
utilizing  pre-PCR  digestion  of  DNA  with  meth¬ 
ylation  sensitive  enzymes  [54].  Our  data  demon¬ 
strate  the  presence  of  5MeC  in  a  portion  of  this 
region  that  contains  a  low  frequency  of  CpG 
(region  JC5/8  in  Fig.  1),  while  the  region  with  a 
high  CpG  frequency  (observed /expected  >0)  is 
unmethylated  (region  JC6/7  in  Fig.  1).  Impor¬ 
tantly,  the  JC6/7  region  exhibits  the  main 
characteristic  of  a  CpG  island,  that  being  a  CpG 
ratio  that  is  greater  than  the  expected  frequency 
in  DNA,  and  because  of  this  is  expected  to  be 
unmethylated  [55].  The  JC5/8  portion,  on  the 
other  hand,  does  not  share  this  characteristic  and 
is  not  expected  to  be  completely  unmethylated. 
Additionally,  we  have  shown  that  the  B6C3F1 
contains  an  unmethylated  CCGG  site  that  is 


and  CpG  dinucleotides  in  the  5'  flanking  region  of  Ha -ras. 
The  percent  of  C  and  G  and  the  ratio  of  observed  CpG  to 
expected  (ob/ex)  is  used  to  identify  the  presence  of  CpG 
islands  (ob/ex  >0),  shown  here  for  the  5'  flanking  region  of 
Ha -ras.  The  distribution  was  generated  with  the  GCG  pack¬ 
age  [56]  of  computer  programs  using  ‘Window’  to  carry  out 
the  analysis  and  ‘Statplot’  to  generate  the  figure.  The  regions 
amplified  by  PCR  primer  sets  JC5/8  (JC5:  5  - 

GCGACCGGGGTGAGCGTGCAA  -3';  JC8:  5'- 

AGAGCCTCCACCCTGCAGCCT  -3')  and  JC6/7  (JC6:  5'- 
TGCCCGCACTCACCGCTTGCT  -3';  JC7:  5'- 

AGGCTGCAGGGTGGAGGCTCT  -3')  are  noted,  along 
with  the  positions  of  exons  I  and  II.  The  arrows  indicated  the 
locations  of  the  putative  transcription  start  sites.  The  se¬ 
quence  information,  2700  base  pairs,  position  of  putative 
transcription  start  sites  and  exon  locations  were  obtained 
from  refs.  [57,58]. 

methylated  in  the  C57BL/6  and  would  suggest 
that  this  site  may  play  a  role  in  the  high  sponta¬ 
neous  liver  tumor  incidence  in  the  B6C3F1 
mouse  [54]. 

Our  interest  in  this  nongenotoxic  mechanism 
of  tumor  promotion  prompted  us  to  compare  the 
sequences  of  the  5'  flanking  region  of  Ha -ras 
between  mice  and  humans  using  the  GCG  pack¬ 
age  [56].  The  sequence  comparisons  are  limited 
by  the  availability  of  the  data  in  the  literature. 
Comparison  of  the  5'  region  of  Ha -ras  (to  -330 
bp  from  the  transcription  start  site)  between 
Senear  [57]  and  NMRI  [58]  mice  reveals  99% 
sequence  identity  (Fig.  2).  However,  a  compari¬ 
son  of  this  region  between  NMRI  mice  [58]  and 
human  Ha-ras  [56]  shows  only  —59%  sequence 
identity  (Fig.  3).  Furthermore,  a  comparison  of 
this  region  (to  -550  bp  from  the  transcription 
start  site)  between  Senear  mice  [57]  and  human 
Ha -ras  [59]  reveals  -50%  sequence  identity  (Fig. 
4).  This  lack  of  sequence  identity  in  the  promot¬ 
er  regions  of  mouse  and  human  Ha -ras  suggests 


668 


J.L.  Counts ,  .1.1.  Goodman  I  Toxicology  Letters  821X3  (1995)  663-672 


(-330)  CTGCAGGGTGGAGGCTCTGTAGTAGGTCCTCAACGCAACCCGAGCGTGCA 
5'  I  I  I  i  M  I  i  I  I  I  I  I  I  i  I  I  i  I  [  I  1  I  I  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  I  | 
CTGCAGGGTGGAGGCTCTGTAGTAGGTCCTCAACGCAACCCGAGCGTGCA 

CCAGTTTCTCTCCGGAGAAATCCCCCCGGGCTCGTAAGCACGGTCTCGGT 
1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  [  I  I  I  I  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  |  | 

CCAGTTTCTCTCCGGAGAAAT  CCCGGGCTCGTAAGCACGGTCTCGGT 
CTGT  CT  CTTCTG  CAC  CTAGGCACTAG  AC  ATCACTGTTG  AGTG  C  AGGAC  C  C 

•I ■ I  I II  1 1  I  I  I  M  M  M  I  I  I  I  1 1  I  1 1 1 1  I  I  1 1 1  I  I  I  I !  I  1 1  i  1 1  I  |  1 1 1 
CTGTCTCTTCTGCACCTAGGCACTAGACATCACTGTTGAGTGCAGGACCC 

AAGTTCCGGCACTGCCTTCCCCGCGGCTCCAGGAAGCCCCGCCCAGCTTC 

. . . 

AAGTTCCGGCACTGCCTTCCCCGCGGCTCCAGGAAGCCCCGCCCAGCTTC 

GGCTTCTGACGGATGGGTTGCTCAGCCAACCACAACAGGTCGCGGTGCGG 
•I  ’I  'I  'I.1  1 1  1 1  I  I  I  i  M  M  I  I  I  I  I  !  1 1  I  I  I  111  I  I  I  i  I  I  1 1 1  I  I  I  I  I  I 
GGCTTCTGACGGATGGGTTGCTCAGCCAACCACAACAGGTCGCGGTGCGG 

AGGAGTTCTGACCAATCACGGGCCGCCTCGAGTTGACGGACGGGCGTGGG 
I  I  I  I  I  I  I  I  I  I  I  1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  II  I  I  I  I  I  I  I  |  |  |  |  |  |  ||  |  M  |  |  | 
AGGAGTTC  GACCAATCACGGGCCGCCTCGAGTTGACGGACGGGCGTGGG 


GCGGAGCGGGGCGGCGAGCGCGGGCCCGGC 

f  I  I  I  I  I  I  I  II  I  I  I  II  I  I  I  I  I  I  I  I  I  I  I  I  I  !  |  (-1) 
GCGGAGCGGGGCGGCGAGCGCGGGCCCGGC  3’ 


Fig.  2.  A  comparison  of  the  base  sequence  of  the  5'  flanking 
region  of  Ha-ras  in  SENCAR  mouse  and  NMRI  mouse 
DNA.  The  base  sequence  of  Ha-ras  in  SENCAR  mouse 
DNA  (top  strand)  and  NMRI  mouse  DNA  (bottom  strand) 
was  compared  using  the  ‘Gap'  program  in  the  GCG  package 
[56],  The  numbering  represents  the  distance  in  base  pairs 
from  the  transcription  start  site  located  most  5'.  Sequence 
data  were  compared  for  the  SENCAR  mouse  Ha -ras  [57]  and 
NMRI  mouse  Ha-ras  [58].  Our  comparison  was  limited  by 
the  extent  to  which  Brown  et  al.  sequenced  Ha-ras  in  the  5' 
direction.  A  99%  similarity  in  the  Ha -ras  sequence  was 
observed  between  the  two  strains  of  mice. 


(-330)...  C CAGTTTCTCT CCGGAGAAATc c cC C CGGGCTCGTAAGCACGGTCTCGGT 

5’ 

. . . * . . . G 

CTGTCTCTTCTGCACCTAGGCACTAGACATCACTGTTGAGTGCAGGACCC 
1 1  Mil  II  I II  ||  f  |  ||  i 
AGCTCGGCTCCGGTCTCCAGCCAAGCCCAACCCCGAGAGGCCGCGGCCC. 

AAGTTCCGGCACTGCCTTCCCCGCGGCTCCAGGAAGCCCCGCCCAGCTTC 
I  I  I  I  I  I  I  II  II  I  I  I  I  I  II  I  I  I  f  |  I  |  |  |  |  |  |  ||  |  | 

. . . TACTGGCTCCGCCTCCCGCGTTGCTCCCGGAAGCCCCGCCCGACCGC 

GGCTTCTGACGGATGGGTTGCTCAGCCAACCACAACAGGTCGCGGTGCGG 
M  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  III  I  I  I  I  I  I  I  I  I  II  I  || 

GGCTCCTG ACAG ACGGGC  CGCT  CAGCC AACCGGGGTGGGGCGGGGC  CCG A 
AGG AGTT  C t GACCAAT CACGGGCCG  C  CTCGAGTTG ACGGACGGG  CGTGGG 

111  I  I  I  I  I  I  I  I  1  I  I  II  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 
TGGCGCGCAG . CCAATGGTAGGCCGCGCCTGGCAGACGGACGGGCGCGGG 

GCGGAGCGGGGCGGCGAGCGCGGGCCCGGC .... 

. .  I  I  It  I  I  I  .  -(*t) 

GCGGGGCGTGCGCAGGCCCGCCCGAGTCTCCGCCGCCCGTGCCCTGCGCC 

Fig.  3.  A  comparison  of  the  base  sequence  of  the  5'  flanking 
region  of  Ha-ras  in  NMRI  mouse  and  human  DNA.  The  base 
sequence  of  Ha-ms  in  NMRI  mouse  DNA  (top  strand)  and 
human  DNA  (bottom  strand)  was  compared  using  the  ‘Gap’ 
program  in  the  GCG  package  [56].  The  numbering  represents 
the  distance  in  base  pairs  from  the  transcription  start  site 
located  most  5'.  Sequence  data  for  the  NMRI  mouse  Ha-ras 
[58]  and  human  Ha-ms  [59]  were  compared.  Our  comparison 
was  limited  by  the  extent  to  which  Brown  et  al.  sequenced 
Ha-ms  in  the  5'  direction.  A  59%  similarity  in  the  Ha-ms 
sequence  was  observed  between  the  mouse  and  human. 


C  CTTTG  CT  C  C  AC  CT  CGACCTACGAG  AAC  AGGCAGCTAGGGGGTT  CCGGCG 
(-536)...  j  |  | 

5’  . . 

AACTCTGTCTTCCTCTGTTATTGCGTCCGCGGTGCTGACTGTCCCCGACA 
I  I  I  I  I  II  I  I  I  I  II  I  I  I  I  I  I 

CCTTTCCCCAGCCCGTAGCCCCGGGACCTCCGCGGTGGGCGGCGCCGCGC 

CCAATACCCGGTCGGGATGACCTTTCCACTCGTGGGCCTTTGGCGCTTTG 
I  I  I  I  1  I  I  I  I  I  I  I  I  I  I  I  I  I 

TGC  CGGCGCAGGGAGGGCCT  CTGGTGCACCGGCACCG  CTGAGTCGGGTTC 


GTGAGGCTGCAGGGTGGAGGCTCTGTAGTAGGTCCTCAACGCAACCCGAG 
II  1 1  I  I  II  I  1 1  1 1 1  III  I 

TCTCGCCGGCCTGTTCCCGGGAGAGCCCGGGGCCCTGCTCGGAGATGCCG 

CGTGCACCAGTTTCTCTCCGGAGAAATCCCCCCGGGCTCGTAAGCACGGT 
I  I  Mill  III  I  MM  M 

CCCCGGGCCCCCAGACACCGGCTCCCTGGCCTTCCTCGAGCAACCCCGAG 

CTCGGTCTGTCTCTTCTGCACCTAGGCACTAGACATCACTGTTGAGTGCA 
MM  I  I  II  I  I  II  II  I  II  I  I 

CTCGGCTCCGGTCTCCAGC .  . CAAG  CCCAAC  CC  CGAG  AGG  CCG 

GGACCCAAGTTCCGGCACTGCCTTCCCCGCGGCTCCAGGAAGCCCCGCCC 
I  M  I  I  I  I  I  |  |  |  |  |  |  ||  |j  [  |  |  |  |  |  |  |  |  |  |  |  |  1  |  |  |  | 

CGGCCC.  .  .  TACTGGCTCCGCCTCCCGCGTTGCTCCCGGAAGCCCCGCCC 

agcttcggcttctgacggatgggttgctcagccaaccacaacaggtcgcg 

II 11 1 1  I  III  I  II  III  1 1 1 1 1 1 1 1 1 1 1 1  II  II  I 

gaccgcggctcctgacagacgggccgctcagccaaccggggtggggcggg 
gtgcggaggagttctgaccaatcacgggccgcctcgagttgacggacggg 
I  II  II  I  I  I  I  I  I  1  I  I  I  I  I  I  I  I  I  I  I  I  I  I  j I  I  I  I 

GCCCGATGGCGCGCAG . CCAATGGT AGGCCGCGC CTG G C AGACGGACGGG 

cgtggggcggagcggggcggcgagcgcgggcccggc 

I II I  III  1 1  1 1 1  I  I  III  I  I . 

cgcggggcggggcgtgcgcaggcccgcccgagtctccgccgcccgtgccc 


Fig.  4.  A  comparison  of  the  base  sequence  of  the  5'  flanking 
region  of  Ha-ms  in  SENCAR  mouse  and  human  DNA.  The 
base  sequence  of  Ha-ms  in  SENCAR  mouse  DNA  (top 
strand)  and  human  DNA  (bottom  strand)  was  compared 
using  the  ‘Gap'  program  in  the  GCG  package  [56],  The 
numbering  represents  the  distance  in  base  pairs  from  the 
transcription  start  site  located  most  5'.  Sequence  data  for  the 
SENCAR  mouse  Ha-ras  [57]  and  human  Ha-ras  [59]  were 
compared.  Our  comparison  was  limited  by  the  extent  to 
which  Ishii  et  al.  sequenced  Ha-ras  in  the  5'  direction.  A  50% 
similarity  in  the  Ha-ras  sequence  was  observed  between  the 
mouse  and  human. 


that  the  regulation  of  Ha -ras  would  not  be  the 
same  in  these  two  species  as  many  important  cis 
elements  for  transcription  factor  binding  are 
located  in  the  regions  that  we  compared  [53,60]. 

9.  DNA  methylation:  implications  for  risk 
assessment 

The  testing  of  our  working  hypothesis,  that 
hypomethylation  of  DNA  is  an  epigenetic, 
nongenotoxic,  threshold-exhibiting  mechanism 
that  facilitates  the  aberrant  gene  expression 
involved  in  tumorigenesis  [8,19,48,52]  is  yielding 
a  greater  understanding  of  mechanisms  of  tumor¬ 
igenesis.  In  addition,  it  provides  the  type  of 
mechanistic  information  that  is  required  to  take  a 
more  rational  approach  to  risk  assessment 
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[61,62].  A  recent  evaluation  of  the  use  of  data 
obtained  from  animal  carcinogenicity  studies  for 
human  risk  assessment  demonstrated  the  difficul¬ 
ty  encountered  when  dealing  with  nongenotoxic 
compounds  because  these  appear  to  produce 
cancer  in  a  species-  and/or  dose-specific  manner 
[63].  This  reinforces  our  contention  that  a  greater 
understanding  of  mechanisms /modes  of  action  of 
nongenotoxic  agents  will  provide  the  type  of 
information  required  to  make  more  meaningful 
comparisons  between  species. 

Knowledge  about  a  potential  mechanism  un¬ 
derlying  the  heightened  sensitivity  of  the  B6C3F1 
mouse  to  liver  tumorigenesis,  e.g.  a  decreased 
capacity  for  and/or  fidelity  of  maintenance  meth- 
ylation  compared  to  the  relatively  resistant 
C57BL/6,  provides  insight  about  species-to- 
species  extrapolation.  That  is,  bioassay  data  from 
a  strain  of  mouse  uniquely  deficient  in  the  ability 
to  maintain  normal  methylation  status  (e.g.  the 
B6C3F1)  may  not  be  relevant  for  human  risk 
assessment,  while  studies  of  methylation  status  in 
animals  better  capable  of  maintaining  normal 
methylation  status  (e.g.  the  C57BL/6)  may  be 
more  relevant  to  humans.  In  support  of  this 
notion,  we  are  able  to  demonstrate  global  liver 
DNA  hypomethylation  in  the  B6C3F1  mouse, 
but  not  the  C57BL/6,  after  1  week  of  administra¬ 
tion  of  a  choline-devoid,  methionine  deficient 
diet.  After  12  weeks  of  feeding  a  choline-devoid, 
methionine-deficient  diet,  sufficient  methyl 
groups  were  removed  to  demonstrate  a  statisti¬ 
cally  significant  level  of  global  hypomethylation 
of  liver  DNA  in  both  strains  [64].  This  suggests 
an  important  quantitative,  rather  than  a  quali¬ 
tative,  difference  between  these  strains  of  mice. 

In  this  context,  it  is  illustrative  to  compare 
rodents  and  humans  when  one  considers  the 
relationship  between  capacity  to  maintain  the 
nascent  methylation  status  of  DNA  and  suscep¬ 
tibility  to  tumorigenesis.  In  contrast  to  rodent 
cells,  normal  human  cells  in  culture  rarely  under¬ 
go  spontaneous  transformation  and  have  gener¬ 
ally  proven  resistant  to  transformation  by  car¬ 
cinogens  [65].  This  correlates  with  the  observa¬ 
tion  that  the  methylation  status  of  DNA  in 
primary  diploid  cells  in  culture  is  maintained 
more  faithfully  in  human  than  in  rodent  cells 


[66].  We  are  suggesting  that  hypomethylation  is 
relevant  to  tumorigenesis  in  both  rodents  and 
humans,  and  that  humans  may  be  less  susceptible 
than  rodents  due,  in  part,  to  a  better  ability  to 
maintain  nascent  patterns  of  DNA  methylation. 
In  this  regard,  the  liver  tumor  resistant  C57BL/6 
mouse  may  be  more  similar  to  humans  than  the 
sensitive  B6C3F1  mouse. 

We  view  hypomethylation  of  DNA  as  a  sec¬ 
ondary  mechanism  [37]  that  may  provide  insight 
leading  to  a  more  rational  interpretation  of 
animal  studies  for  human  risk  assessment.  Our 
research  is  providing  practical  information  con¬ 
cerning  dose-response  relationships,  including 
the  existence  of  plausible  thresholds,  that  can  be 
used  as  a  mechanistic  and  theoretical  framework 
when  considering  a  safety  factor,  or  multiple  of 
exposure,  approach  to  risk  assessment.  In  this 
regard,  we  envision  an  experimental  approach 
towards  analysis  of  methylation  status  as  a  com¬ 
ponent  of  the  carcinogen  bioassay  where  the  no 
adverse  effect  level  of  a  nongenotoxic  compound 
may  be  considered  the  highest  dose  at  which 
there  is  no  hypomethylation  in  the  potential 
target  organ  [8,67]. 
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Abstract 

A  wide  variety  of  chemicals  have  been  shown  to  produce  liver  enlargement,  peroxisome  proliferation  and 
induction  of  peroxisomal  and  microsomal  fatty  acid-oxidising  enzyme  activities  in  rats  and  mice.  Some  peroxisome 
proliferators  have  also  been  shown  to  increase  the  incidence  of  liver  tumours  in  these  species.  Rodent  peroxisome 
proliferators  are  not  considered  to  be  genotoxic  agents.  Proposed  mechanisms  of  liver  tumour  formation  include 
induction  of  sustained  oxidative  stress,  enhanced  cell  replication,  promotion  of  spontaneous  preneoplastic  lesions 
and  inhibition  of  apoptosis.  Marked  species  differences  in  the  effects  of  peroxisome  proliferators  have  been 
observed  in  both  in  vitro  and  in  vivo  studies.  Key  issues  concerning  the  risk  assessment  to  humans  of  exposure  to 
rodent  peroxisome  proliferators  are  discussed. 

Keywords:  Apoptosis;  Cell  replication;  Hepatic  peroxisome  proliferation;  Hepatocarcinogenesis;  Oxidative  stress; 
Peroxisomes;  Promotion;  Species  differences 


1.  Introduction 

Peroxisomes  (or  ‘microbodies’)  are  single 
membrane-limited  cytoplasmic  organelles  which 
are  characterised  by  their  content  of  catalase  and 
a  number  of  hydrogen  peroxide-generating  oxi¬ 
dase  enzymes  [1-4].  Like  mitochondria  peroxi¬ 
somes  contain  a  complete  fatty  acid  /3-oxidation 
cycle  [2,4].  This  paper  will  focus  on  mechanisms 
of  peroxisome  proliferator-induced  hepato- 
carcinogenicity  in  rodents  and  species  differences 
in  response. 


*  Corresponding  author,  Tel:  0181  652  1006;  Fax:  0181  661 
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2.  Peroxisome  proliferation  in  rodent  liver 

The  administration  of  peroxisome  proliferators 
to  rats  and  mice  results  in  marked  liver  enlarge¬ 
ment  which  is  due  to  both  hepatocyte  hyper¬ 
trophy  and  hyperplasia  [1 -3,5-9].  Table  1  sum¬ 
marises  the  major  morphological  and  biochemi¬ 
cal  changes  observed  in  rodent  liver.  Organelle 
proliferation  is  associated  with  a  differential 
induction  of  peroxisomal  enzyme  activities. 
While  the  enzymes  of  the  /3-oxidation  cycle 
(normally  assessed  as  cyanide-insensitive  pal- 
mitoyl-CoA  oxidation)  are  markedly  induced, 
only  small  changes  are  observed  in  other  perox¬ 
isomal  enzyme  activities  such  as  catalase  and 
D-amino  acid  oxidase.  Apart  from  stimulating 
peroxisomal  fatty  acid  metabolism,  peroxisome 
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Table  1 

Some  characteristics  of  peroxisome  proliferation  in  rat  and  mouse  liver 
Liver  weight 

(1)  Liver  enlargement  due  to  both  hepatocyte  hyperplasia  and  hypertrophy 

(2)  Increased  replicative  DNA  synthesis  (may  be  either  transient  or  sustained)'1 
Morphological  changes 

(1)  Increased  number  and  size  of  peroxisomes 

(2)  Many  ‘coreless’  peroxisomes  observed1’ 

(3)  Increased  smooth  endoplasmic  reticulum 

(4)  Increased  numbers  of  mitochondria 

(5)  Lysosomal  changes  and  lipofuscin  deposition11 

(6)  Liver  nodules  and  hepatocellular  carcinoma" 

Biochemical  changes 

(1)  Selective  induction  of  peroxisomal  enzymes  (e.g.  marked  induction  of  peroxisomal  fatty  acid  /3-oxidation  enzymes  but 
only  a  small  increase  in  catalase  activity) 

(2)  Induction  of  microsomal  fatty  acid  (w-1)-  and  particularly  w-oxidising  enzyme  activities  (due  to  induction  of  cytochrome 
P450  isoenzymes  in  the  CYP4A  subfamily) 

(3)  Induction  of  carnitine  acetyltransferase  activity 

(4)  Increase  in  an  80  kDa  molecular  weight  polypeptide  (due  to  induction  of  component  enzymes  of  the  peroxisomal  fatty 
acid  /3-oxidation  cycle) 

(5)  Induction  of  cytosolic  epoxide  hydrolase 

(6)  Induction  of  microsomal  bilirubin  UDPglucuronosyltransferase 

(7)  Inhibition  of  glutathione  peroxidase,  glutathione  5-transfcrase  and  superoxide  dismutase  activities 


a  Depends  on  test  compound,  dose  and  duration  of  treatment. 

b  Normal  rat  and  mouse  liver  peroxisomes  contain  a  crystalline  nucleoid  core  consisting  of  insolubilised  urate  oxidase. 
For  further  details  see  Refs.  [1-10]. 


proliferators  also  increase  microsomal  fatty  acid 
(gj-1)-  and  particularly  co-hydroxylase  activities. 
This  is  due  to  induction  of  cytochrome  P450 
isoenzymes  in  the  CYP4A  subfamily  and  is 
normally  measured  as  lauric  acid  12-hydroxylase 
[10].  Peroxisome  proliferators  also  markedly 
increase  carnitine  acetyltransferase  activity  which 
is  localised  in  peroxisomal,  mitochondrial  and 
microsomal  fractions  [6].  In  rat  liver  good  corre¬ 
lations  have  been  reported  between  the  induc¬ 
tion  of  peroxisomal  fatty  acid  /3-oxidation  and 
organelle  proliferation  and  between  the  induc¬ 
tion  of  peroxisomal  and  microsomal  fatty  acid- 
oxidising  enzyme  activities  [6,9-11]. 

Several  laboratories  have  demonstrated  that 
the  characteristics  of  peroxisome  proliferation  in 
vivo  may  also  be  observed  in  vitro  in  primary  rat 
and  mouse  hepatocyte  cultures.  Indeed,  hepat¬ 
ocyte  cultures  have  been  employed  for  studying 
various  aspects  of  peroxisome  proliferation  in¬ 
cluding  structure-activity  relationships  and 
species  differences  in  response  [5-9,11,12]. 

Recent  studies  have  demonstrated  that  the 
induction  of  peroxisome  proliferation  in  rodent 
hepatocytes  is  mediated  through  peroxisome 


proliferator-activated  receptors  (PPARs)  [4,9,13]. 
The  first  PPAR  (termed  mPPARa)  was  isolated 
from  mouse  liver  by  Issemann  and  Green  [13] 
and  several  PPARs  have  since  been  identified  in 
the  mouse,  rat,  Xenopus  and  human.  PPARs  are 
members  of  the  steroid  hormone  receptor  super¬ 
family,  contain  putative  ligand  binding  and  DNA 
binding  domains,  and  bind  to  DNA  as  a  hetero¬ 
dimer  with  the  retinoid  X  receptor  (RXR). 
Peroxisome  proliferator  response  elements  have 
been  found  in  genes  for  both  peroxisomal  and 
microsomal  fatty  acid  oxidising  enzymes  [4,9].  In 
in  vitro  expression  systems  PPARs  can  be  acti¬ 
vated  by  both  peroxisome  proliferators  and  cer¬ 
tain  fatty  acids  (e.g.  arachidonic,  linoleic  and 
oleic  acids).  Some  PPARs  may  be  dominant 
repressors  of  other  forms  [9,14].  Multiple  PPARs, 
together  with  activating  (e.g.  RXR)  and  repres¬ 
sing  receptors,  may  account  for  known  tissue  and 
species  differences  in  response  to  peroxisome 
proliferators  [4,9,13].  The  importance  of 
mPPARa  in  the  induction  of  peroxisome  prolif¬ 
eration  in  mouse  liver  has  been  recently  demon¬ 
strated  [15].  In  these  studies  the  ligand  binding 
domain  of  mPPARa  was  disrupted  by  homolo- 
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gous  recombination  and  the  homozygous  (—  /— ) 
mutant  mice  were  shown  to  lack  mPPARa 
mRNA  and  protein.  While  liver  enlargement, 
peroxisome  proliferation  and  induction  of 
mRNAs  for  peroxisomal  and  microsomal  fatty 
acid  oxidising  enzymes  were  observed  in  wild 
type  (  +  /  +  )  mice  treated  with  peroxisome  prolif- 
erators,  such  effects  were  essentially  absent  in 
the  mutant  mice  [15]. 

3.  Rodent  peroxisome  proliferators 

Many  different  classes  of  chemicals  have  been 
shown  to  produce  peroxisome  proliferation  in  rat 
and  mouse  hepatocytes  (Table  2).  While  peroxi¬ 
some  proliferators  appear  to  be  structurally  di¬ 
verse,  at  least  for  some  compounds,  similarities 
in  their  3-dimensional  structures  and  structure- 
activity  relationships  have  been  reported  [9,11]. 
A  characteristic  feature  of  many,  but  not  all, 
peroxisome  proliferators  is  the  presence  of  an 
acidic  function  [5,11].  This  acidic  function  is 
normally  a  carboxyl  group,  either  present  as  a 
free  carboxyl  group  in  the  parent  structure  or 
one  that  is  unmasked  by  metabolism.  Alterna¬ 
tively,  the  chemical  may  contain  a  chemical 
grouping  which  is  a  bioisostere  of  a  carboxyl 
group,  such  as  tetrazole  or  a  sulphonamide 
moiety  [5,11]. 

It  should  be  noted  that  rodent  liver  peroxi¬ 
some  proliferators  exhibit  marked  compound 
potency  differences.  While  potent  peroxisome 
proliferators  include  compounds  developed  as 
hypolipidaemic  agents  (e.g.  ciprofibrate,  Wy- 


14,643),  plasticizers  such  as  di-(2-ethylhexyl) 
phthalate  (DEHP)  are  less  potent  and  chemicals 
such  as  acetylsalicylic  acid  are  even  less  potent 
[9,11]. 

4.  Carcinogenicity  of  peroxisome  proliferators 

Hepatic  peroxisome  proliferation  is  of  impor¬ 
tance,  not  only  because  of  the  large  range  of 
industrial  and  other  chemicals  which  produce  this 
effect  in  rodents,  but  because  certain  of  these 
agents  have  been  found  to  increase  the  incidence 
of  liver  tumours  in  rats  and/or  mice  [1-3, 6-9].  In 
addition,  peroxisome  proliferators  may  also 
produce  tumours  in  other  organs  such  as  the 
pancreas  and  testis  [16]. 

Although  peroxisome  proliferators  can 
produce  hepatocellular  carcinoma  in  rodents, 
they  are  not  considered  to  be  genotoxic  agents. 
Studies  with  several  peroxisome  proliferators 
have  shown  that  they  do  not  bind  covalently  to 
DNA  after  in  vivo  administration  to  rats  and 
mice  [6-9].  Peroxisome  proliferators  have  been 
extensively  tested  in  a  wide  range  of  short-term 
tests  for  mutagenic  and  genotoxic  potential 
[8,17].  Generally  peroxisome  proliferators 
produce  negative  results  in  such  tests,  although 
some  positive  findings  have  been  reported  mostly 
in  vitro  [8,9,17].  In  keeping  with  the  properties  of 
non-genotoxic  rodent  hepatocarcinogens,  peroxi¬ 
some  proliferators  do  not  produce  tumours  when 
examined  in  initiation  studies  [18].  However, 
when  appropriate  histochemical  markers  are 
employed,  several  peroxisome  proliferators  have 


Table  2 

Examples  of  classes  of  chemicals  which  produce  peroxisome  proliferation  in  rodent  liver 

Chemical  class 

Examples'* 

Therapeutic  agents 

Steroids 

Herbicides 

Plasticizers 

Solvents  and  industrial  chemicals 
Food  flavours  and  natural  products 

Acetylsalicylic  acid,  bezafibrate,  bifonazole,  ciprofibrate,  clobuzarit,  clofibrate,  DL-040, 
fenofibrate,  methylclofenapate,  LY  171883,  nafenopin,  tiadenol,  Wy-14,643 
Dehydroepiandrosterone 

2,4-Dichlorophenoxyacetic  acid,  fomesafen,  lactofen,  2,4,5-trichlorophenoxyacetic  acid 
DEHA,  DEHP,  di-(2-ethylhexyl)terephthalate,  di-(isodecyl)phthalate,  di-(isononyl)phtha- 
late,  tri-(2-ethylhexyl)trimellitate 

Chlorinated  paraffins,  perchloroethylene,  perfluoro-rc-octanoic  acid,  trichloroethylene 
Cinnamyl  anthranilate,  citral  linalool 

a  The  examples  include  compounds  that  were  either  developed  and  not  marketed  or  have  been  withdrawn. 
For  further  details  see  Refs.  [1-3,5,6-9,11]. 
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been  demonstrated  to  be  effective  in  rat  liver 
tumour  promotion  studies  [18]. 

5.  Mechanisms  of  hepatocarcinogenesis 

Several  hypotheses  have  been  proposed  to 
account  for  why  peroxisome  proliferators  can 
produce  liver  tumours  in  rats  and  mice.  These 
mechanisms  include: 

(1)  induction  of  sustained  oxidative  stress  to 
hepatocytes  [2,19]; 

(2)  a  role  for  increased  cell  proliferation 
[6,18,20]; 

(3)  the  promotion  of  spontaneously  formed  pre- 
neoplastic  liver  lesions  [18,21,22]; 

(4)  inhibition  of  apoptosis  [23,24]; 

(5)  other  mechanisms  and/or  a  combination  of 
any  of  the  above  [9]. 

The  oxidative  stress  hypothesis  is  based  on  the 
observation  that  the  chronic  administration  of 
peroxisome  proliferators  produces  a  sustained 
oxidative  stress  in  rodent  hepatocytes  due  to  an 
imbalance  in  the  production  and  degradation  of 
hydrogen  peroxide  [2,19].  Peroxisome  prolif- 
erators  markedly  induce  the  enzymes  of  the 
peroxisomal  fatty  acid  /3-oxidation  cycle,  but 
produce  only  a  small  increase  in  catalase  activity. 
The  first  enzyme  of  the  /3-oxidation  cycle,  acyl- 
CoA  oxidase,  produces  hydrogen  peroxide  and 
hence  the  cyclic  oxidation  of  a  single  fatty  acid 
molecule  can  result  in  the  production  of  several 
molecules  of  hydrogen  peroxide  [6].  Any  excess 
hydrogen  peroxide  not  destroyed  by  peroxisomal 
catalase  can  diffuse  through  the  peroxisomal 
membrane  into  the  cytosol  where  it  will  be  a 
substrate  for  cytosolic  selenium-dependent  gluta¬ 
thione  peroxidase.  However,  this  enzyme  activity 
and  that  of  other  enzymes  including  superoxide 
dismutase  and  glutathione  5-transferases  are 
often  reduced  by  the  administration  of  peroxi¬ 
some  proliferators  to  rodents  [6,7,9,19].  These 
enzyme  changes  are  postulated  to  result  in  in¬ 
creased  intracellular  levels  of  hydrogen  peroxide 
which,  either  directly  or  via  reactive  oxygen 
species  (e.g.  hydroxyl  radical),  can  attack  mem¬ 
branes  and  DNA  [2,19]. 


A  number  of  experimental  observations  have 
provided  support  for  the  involvement  of  oxida¬ 
tive  stress  in  the  hepatotoxicity  of  peroxisome 
proliferators  [2,6,9,19].  For  example,  in  some 
studies  peroxisome  proliferators  have  been 
shown  to  increase  hepatic  lipid  peroxidation, 
produce  lipofuscin  deposition,  to  modulate  levels 
of  hepatic  antioxidants  and  to  increase  levels  of 
8-hydroxydeoxyguanosine  in  hepatic  DNA 
[6,7,9,19].  However,  although  evidence  of  oxida¬ 
tive  damage  to  hepatocytes  has  been  observed  in 
some  studies,  the  magnitude  of  such  effects  does 
not  correlate  with  the  potency  of  the  compound 
to  produce  tumours  [6,9].  Thus,  the  available 
data  would  suggest  that  sustained  oxidative  stress 
is  unlikely  to  be  solely  responsible  for  peroxi¬ 
some  proliferator-induced  hepatocarcinogenesis 
in  rodents. 

Many  investigations  have  demonstrated  that 
cell  proliferation  is  an  important  factor  in  the 
development  of  tumours  by  both  genotoxic  and 
non-genotoxic  agents  [6].  For  example,  an  en¬ 
hanced  rate  of  cell  replication  can  increase  the 
frequency  of  spontaneous  lesions  and  the  prob¬ 
ability  of  converting  DNA  adducts  from  both 
endogenous  and  exogenous  sources  into  muta¬ 
tions  before  they  can  be  repaired.  Peroxisome 
proliferators  are  known  to  produce  a  burst  of  cell 
replication  in  rodent  hepatocytes  during  the  first 
few  days  of  administration  [2,7,9]  and  in  some 
studies  peroxisome  proliferators  have  also  been 
shown  to  produce  a  sustained  stimulation  of 
replicative  DNA  synthesis  [6,9]. 

Some  investigations  have  demonstrated  the 
presence  of  numerous  foci  of  putative  preneop¬ 
lastic  cells  in  the  livers  of  untreated  old  rats  and 
mice  [21,22].  These  lesions  are  considered  to 
represent  spontaneously  initiated  cells  as  they 
have  similar  biological  characteristics  to  those  of 
cells  initiated  by  genotoxic  carcinogens  [22].  The 
ability  of  peroxisome  proliferators  to  produce 
tumours  in  young  compared  to  old  rats  has  been 
investigated.  Both  nafenopin  and  Wy-14,643 
have  been  reported  to  produce  more  adenomas 
and  carcinomas  in  old  as  against  in  young  rats 
[6,9]. 

Several  studies  have  demonstrated  that  non- 
genotoxic  carcinogens  can  affect  apoptosis  in 
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rodent  liver.  Nafenopin  has  been  reported  to 
inhibit  the  apoptosis  that  occurs  in  rat  liver  after 
withdrawal  of  a  mitogenic  agent  [23]  and  to 
inhibit  apoptosis  in  hepatocytes  and  a  rat  hepa¬ 
toma  cell  line  in  vitro  [24].  The  suppression  of 
apoptosis  by  peroxisome  proliferators  may  be 
important  in  liver  tumour  formation  in  that  the 
growth  of  transformed  cells  may  not  be  pre¬ 
vented. 

Other  effects  of  peroxisome  proliferators, 
which  may  be  important  in  hepatocarcinogenesis, 
include  effects  on  transforming  growth  factor-/?  1 
(which  can  initiate  apoptosis)  gene  expression, 
inhibition  of  intercellular  communication,  modu¬ 
lation  of  intracellular  calcium  concentrations  and 
the  stimulation  of  protein  kinase  C  [9]. 

6.  Species  differences 

Marked  species  differences  in  response  to 
rodent  peroxisome  proliferators  have  been  re¬ 
ported  [1,5 ,7-9].  When  assessing  species  differ¬ 
ences  in  response  a  number  of  factors  should  be 
considered.  These  include  the  metabolism,  dispo¬ 
sition  and  dose  of  the  test  compound,  sex  differ¬ 
ences,  as  well  as  intrahepatic  differences  in 
response.  Based  on  both  marker  enzyme  ac¬ 
tivities  and  ultrastructural  examination  the  rat 
and  mouse  are  clearly  responsive  species,  the 
Syrian  hamster  appears  to  exhibit  an  inter¬ 
mediate  response,  whereas  in  most  studies  the 
guinea  pig  is  either  non-responsive  or  refractory 
[1 ,5,7-9].  Generally,  in  vitro  studies  with  primary 


hepatocyte  cultures  from  the  rat,  mouse,  Syrian 
hamster  and  guinea  pig  have  supported  the 
results  of  in  vivo  studies  in  these  species  [3,5,7- 
9,12]. 

Several  studies  have  examined  the  ability  of 
rodent  peroxisome  proliferators  to  produce  ef¬ 
fects  in  primates  and  humans.  With  respect  to 
primates,  studies  with  a  number  of  compounds  in 
both  New  (e.g.  marmoset)  and  Old  (e.g.  Rhesus 
monkey)  World  monkeys  have  failed  to  provide 
any  evidence  of  significant  hepatic  peroxisome 
proliferation  [7,9].  However,  albeit  at  high  doses, 
2  compounds,  namely  ciprofibrate  and  DL-040, 
have  been  reported  to  produce  hepatic  peroxi¬ 
some  proliferation  in  Cynomolgus  and/or 
Rhesus  monkeys  [9].  Generally,  peroxisome  pro¬ 
liferators  have  not  been  reported  to  produce  any 
significant  effects  (Table  3)  on  marker  enzyme 
activities  and/or  peroxisomes  in  cultured  primate 
hepatocytes  [7-9,12]. 

Studies  in  humans  have  been  conducted  in 
patients  treated  with  several  hypolipidaemic 
agents  (all  being  rodent  peroxisome  prolif¬ 
erators)  including  ciprofibrate,  clofibrate,  fenofib- 
rate  and  gemfibrozil  [7,8].  While  most  studies 
have  failed  to  detect  any  significant  changes, 
clofibrate  was  reported  to  produce  a  small  in¬ 
crease  in  the  number  of  peroxisomes  and  cip¬ 
rofibrate  to  produce  a  small  increase  in  the 
proportion  of  the  hepatocyte  cytoplasm  occupied 
by  peroxisomes.  However,  owing  to  the  large 
interindividual  variation  in  peroxisome  mor¬ 
phometries  observed  in  these  studies,  together 


Table  3 


Species  differences  in  the  effects  of  peroxisome  proliferators  in  hepatocyte  cultures 


Compound 

Speciesa 

Rat 

Marmoset 

Cynomolgus/  Rhesus  monkey 

Human 

Beclobric  acid 

+  b 

n.d. 

- 

- 

Benzbromarone 

+ 

n.d. 

n.d. 

- 

Ciprofibrate 

+ 

n.d. 

- 

- 

Clofibric  acid 

+ 

n.d. 

- 

- 

Fomesafen 

+ 

- 

n.d. 

- 

Mono-(2-ethylhexyl)phthalate  and  derivatives 

+ 

- 

n.d. 

- 

Methylclofenapate 

+ 

- 

n.d. 

- 

Trichloroacetic  acid 

+ 

n.d. 

n.d. 

— 

a  Effect  assessed  by  changes  in  enzyme  activities  and/or  organelle  proliferation. 
b  +,  positive  response;  no/ little  response;  n.d.,  not  determined. 
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with  cell  to  cell  variations  and  lobular  variations, 
it  is  difficult  to  attach  any  clear  biological  signifi¬ 
cance  to  these  findings  [7,8].  The  effect  of  a 
number  of  rodent  peroxisome  proliferators  on 
marker  enzyme  activities  and/or  peroxisomes 
has  been  studied  in  human  hepatocytes  [7-9,12]. 
Some  examples  are  shown  in  Table  3.  While  such 
compounds  produce  significant  concentration-de- 
pendent  effects  in  rodent  hepatocytes,  they  did 
not  produce  such  effects  in  human  hepatocytes 
[7-9].  Moreover,  in  many  studies  with  primate 
and  human  hepatocytes,  where  peroxisome  pro¬ 
liferators  failed  to  produce  any  significant  effects, 
the  functional  viability  of  the  hepatocyte  prepa¬ 
rations  was  confirmed  by  parallel  experiments  in 
which  effects  on  other  endpoints  were  deter¬ 
mined  (e.g.  stimulation  of  monooxygenase  en¬ 
zymes  and  tyrosine  aminotransferase). 

Some  studies  have  also  examined  species  dif¬ 
ferences  in  effects  on  cell  replication.  Both 
nafenopin  and  Wy-14,643  have  been  reported  to 
stimulate  replicative  DNA  synthesis  in  rat,  but 
not  in  Syrian  hamster,  hepatocytes  [9,25].  Al¬ 
though  peroxisome  proliferators  can  stimulate 
DNA  synthesis  in  cultured  rat  hepatocytes, 
methylclofenapate  was  reported  to  be  ineffective 
in  guinea  pig,  marmoset  and  human  hepatocytes 
and  nafenopin  has  also  been  reported  not  to 
induce  replicative  DNA  synthesis  in  human 
hepatocytes  [7,9,26,27]. 

While  many  studies  have  demonstrated  that 
the  prolonged  administration  of  peroxisome  pro¬ 
liferators  can  produce  liver  tumours  in  the  rat 
and/or  mouse,  few  studies  have  examined  the 
chronic  effects  of  such  compounds  in  other 
species.  With  the  Syrian  hamster  clobuzarit  did 
not  produce  tumours  after  2  years  [28]  and 
nafenopin  and  Wy-14,643  did  not  produce 
tumours  after  80  weeks  administration  [25].  In 
the  marmoset  clofibrate  did  not  produce  any 
tumours  in  a  6  2  year  study,  which  is  around  half 
of  the  expected  life-span  of  this  species  [29].  In 
other  primate  studies  with  compounds  including 
ciprofibrate,  clobuzarit  and  clofibrate,  some  in¬ 
creases  in  liver  weight  have  been  observed  in 
some  investigations,  but  no  evidence  for  signifi¬ 
cant  peroxisome  proliferation  or  peroxisome 


proliferator-induced  lesions  has  been  reported 
[28-30]. 

7.  Conclusions  and  risk  assessment  of  rodent 
peroxisome  proliferators 

The  key  issues  concerning  the  risk  assessment 
of  rodent  liver  peroxisome  proliferators  include: 

(1)  genotoxicity; 

(2)  compound  potency  -  dose-response  relation¬ 
ships,  -  no  adverse  effect  levels; 

(3)  precise  mechanism(s)  of  liver  tumour  forma¬ 
tion; 

(4)  species  differences  in  response  -  peroxisome 
proliferation,  -  tumour  formation; 

(5)  likely  human  exposure. 

Generally,  peroxisome  proliferators  are  con¬ 
sidered  to  be  non-genotoxic  agents  [6-9,17]  and 
hence  should  be  assessed  differently  from 
genotoxic  carcinogens  [31]. 

Rodent  liver  peroxisome  proliferators  exhibit 
clear  no  adverse  effect  levels  for  both  peroxi¬ 
some  proliferation  and  for  tumour  formation. 
For  example,  in  the  rat  no  adverse  effect  levels 
for  liver  tumour  formation  have  been  observed 
in  studies  with  several  compounds  including 
bezafibrate,  clofibrate,  di-(2-ethylhexyl)adipate 
(DEHA)  and  DEHP  [6,9].  Moreover,  the  ob¬ 
served  dose  threshold  for  tumour  formation  in 
rodents  is  appreciably  greater  than  the  threshold 
for  peroxisome  proliferation  and  other  effects 
[6,7,9]. 

Several  mechanisms  have  been  proposed  to 
account  for  why  peroxisome  proliferators 
produce  tumours  in  rodent  liver.  If  these  various 
hypotheses  are  combined  then  a  role  for  in¬ 
creased  cell  replication  in  peroxisome  prolifer¬ 
ator-induced  hepatocarcinogenesis  may  be  readi¬ 
ly  identified.  For  example,  if  hepatocytes  are 
transformed  by  either  oxidative  stress-induced 
damage  or  by  alternative  mechanisms,  such 
initiated  cells  may  be  promoted  to  liver  tumours 
by  enhanced  cell  replication.  Certainly  peroxi¬ 
some  proliferators  are  effective  promoters  of 
certain  populations  of  initiated  cells  and  recent 
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studies  suggest  that  peroxisome  proliferators  can 
influence  rates  of  both  cell  replication  and  cell 
death  in  particular  populations  of  hepatocytes 
[9,18,22,24,32].  Whatever  the  precise  mecha¬ 
nism^)  of  peroxisome  proliferator-induced  liver 
tumour  formation  in  rodents,  both  peroxisome 
proliferation  (i.e.  organelle  proliferation  and 
associated  marker  enzyme  activities)  and  cell 
replication  are  clearly  important  biomarkers. 

In  terms  of  species  differences,  rats  and  mice 
are  clearly  responsive  species,  whereas  the  ma¬ 
jority  of  both  in  vivo  and  in  vitro  studies  suggest 
that  primates  including  man  are  either  essentially 
refractory  or  certainly  much  less  responsive  to 
rodent  peroxisome  proliferators  (Table  4).  How¬ 
ever,  while  effects  on  peroxisome  morphology 
and  marker  enzyme  activities  have  been  exten¬ 
sively  studied,  few  investigations  have  examined 
species  differences  in  peroxisome  proliferator- 
induced  cell  replication  and  liver  tumour  forma¬ 
tion.  Rodent  peroxisome  proliferators  do  not 
appear  to  stimulate  replicative  DNA  synthesis  in 
vivo  in  Syrian  hamster  hepatocytes  and  in  vitro 
in  human  hepatocytes  (Table  4).  Moreover, 
while  the  clonal  expansion  of  rat  and  mouse 
hepatocytes  treated  with  both  nafenopin  and 
epidermal  growth  factor  in  soft  agar  could  be 
observed,  no  such  response  was  seen  with  Syrian 
hamster,  guinea  pig  and  human  hepatocytes  [33]. 
The  limited  data  on  the  chronic  effects  of  peroxi¬ 


some  proliferators  in  the  Syrian  hamster  and 
primates  suggests  that,  unlike  the  rat  and  mouse, 
liver  lesions  and  tumours  may  not  be  formed. 

Human  exposure  to  rodent  peroxisome  prolif¬ 
erators  depends  on  the  intended  usage  of  the 
particular  compound.  While  hypolipidaemic 
agents  are  only  administered  to  a  restricted 
population  of  humans,  exposure  to  industrial 
chemicals  such  as  plasticizers  is  obviously  far 
more  widespread.  In  summary,  the  present  litera¬ 
ture  suggests  that  exposure  to  rodent  peroxisome 
proliferators  as  a  class  of  chemicals  does  not  pose 
any  serious  risk  for  man.  Such  compounds  ex¬ 
hibit  clear  species  differences  in  response  (Table 
4).  Indeed  apart  from  organelle  proliferation  and 
enzyme  induction,  the  inability  of  peroxisome 
proliferators  to  stimulate  replicative  DNA  syn¬ 
thesis  in  species  other  than  the  rat  and  mouse 
may  be  very  important  for  risk  assessment. 
However,  it  would  be  desirable  to  elucidate 
further  the  mechanism(s)  of  peroxisome  prolifer¬ 
ator-induced  hepatocarcinogenesis  in  susceptible 
species  (i.e.  the  rat  and  mouse).  For  example,  it 
would  be  of  interest  to  ascertain  whether  peroxi¬ 
some  proliferators  could  produce  tumours  in 
mutant  mice  which  lack  mPPARa  [15],  Addi¬ 
tional  studies  in  rodents  may  help  identify  fur¬ 
ther  biomarkers  of  tumour  formation  for  use  in 
studies  of  species  differences  including  the  use  of 
human  hepatocytes.  Finally,  further  car- 


Table  4 

Species  differences  in  the  in  vivo  and  in  vitro  effects  of  peroxisome  proliferators 


Species 

Test  system3 

Parameter 

Organelle  proliferation 

Enzyme  induction b 

Cell  replication 

Rat  and  mouse 

In  vivo 

+  c 

+ 

+ 

In  vitro 

+ 

+ 

+ 

Syrian  hamster 

In  vivo 

+ 

+ 

In  vitro 

? 

+ 

Guinea  pig 

In  vivo 

- 

-+- 

In  vitro 

? 

— 

Human 

In  vivo 

-i- 

? 

7 

In  vitro 

- 

- 

a  In  vivo  refers  to  studies  in  intact  animals  or  in  human  subjects  receiving  hypolipidaemic  agents.  In  vitro  refers  to  studies  in 

cultured  hepatocytes. 

b  Enzyme  activities  include  palmitoyl-CoA  oxidation,  lauric  acid  12-hydroxylase  and  carnitine  acetyltransferase. 
e  +,  positive  response;  ±,  equivocal  response  and/or  literature  data;  no/little  response;  ?,  not  studied. 
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cinogenicity  studies  in  partially  responsive  (e.g. 
Syrian  hamster)  and  non-responsive  (e.g.  guinea 
pig)  species  would  strengthen  the  conclusion  that 
exposure  to  peroxisome  proliferators  do  not 
constitute  any  significant  risk  to  man. 
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Abstract 

The  induction  of  oxidative  stress  in  the  target  tissue  has  been  proposed  as  a  possible  mechanism  of  action  for 
nongenotoxic  carcinogens.  A  variety  of  nongenotoxic  hepatocarcinogens  including  peroxisome  proliferators, 
organochlorines,  barbiturates,  and  metals  have  been  shown  to  produce  an  increase  in  reactive  oxygen  species 
(ROS)  in  the  liver.  Our  group  has  examined  the  induction  of  oxidative  stress  by  the  organochlorine  mouse  hepatic 
carcinogen,  dieldrin.  Using  a  salicylate  spin  trap  assay,  dieldrin  was  found  to  produce  mouse  liver-specific  increases 
in  ROS  in  cultured  hepatocytes.  Increased  amounts  of  hepatic  8-hydroxy-2'-deoxyguanosine  and  malondialdehyde 
(MDA)  and  decreased  levels  of  cellular  antioxidants  were  also  seen  in  cultured  mouse  hepatocytes  following 
dieldrin  treatment.  In  subchronically  dieldrin-treated  mice  and  rats,  hepatic  vitamin  E  (Vit  E)  was  decreased 
correlated  with  dieldrin  dose.  While  Vit  E  levels  were  decreased  in  both  rats  and  mice,  the  normal  lower  levels  of 
Vit  E  in  the  mouse  resulted  in  a  subsequent  oxidative  stress,  evidenced  by  an  increase  in  MDA  formation  in  the 
mouse  liver.  Dieldrin  also  produced  a  dose-dependent  increase  in  DNA  synthesis  in  the  mouse  (not  the  rat) 
following  subchronic  treatment.  These  effects  seen  in  both  cells  in  culture  and  in  vivo  were  species  specific,  organ 
specific,  and  dose  dependent  which  directly  correlated  with  the  observed  pattern  of  cancer  induction  for  dieldrin  in 
rodents  (mouse  liver-specific).  These  findings  support  a  possible  role  for  the  induction  of  oxidative  stress  in 
nongenotoxic  hepatic  carcinogenesis  possibly  through  modulation  of  gene  expression. 

Keywords :  Oxidative  stress;  Nongenotoxic  carcinogenesis;  Dieldrin;  Vitamin  E 


1.  Introduction 

The  formation  of  reactive  oxygen  species 
(ROS)  and  subsequent  induction  of  oxidative 
stress  by  xenobiotics  has  been  proposed  as  a 
mechanism  for  chemically  induced  carcinogen¬ 
esis  [1-4].  Hydroxylation  of  DNA  and  the  sub¬ 
sequent  production  of  initiated  cells  by  reactive 


*  Corresponding  author. 


free  radicals  has  been  suggested  for  the  initiation 
step  in  carcinogenesis  but  the  mechanisms  of 
tumor  promotion  by  ROS  producing  xenobiotics 
remains  unclear.  Hadler  et  al.  [5]  has  suggested 
that  mitochondrial  mutations  may  lead  to  a 
modified  growth  advantage  for  initiated  cells. 
Solt  and  Farber  [6]  introduced  a  broader  defini¬ 
tion  in  which  promotion  occurs  when  initiated 
hepatocytes  are  resistant  to  the  toxic  effects  of 
xenobiotics  giving  them  a  selective  growth  ad- 
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vantage  over  normal  cells.  Cell  proliferation  or 
inhibition  of  apoptosis  in  initiated  cells  has  also 
been  proposed  as  a  mechanism  of  ROS-gener- 
ated  carcinogenesis  by  xenobiotics. 

Many  chlorinated  compounds  selectively  in¬ 
duce  hepatic  cancer  in  mice  but  not  rats.  Dieldrin 
is  an  example  of  one  such  compound.  Initial 
studies  have  shown  dieldrin  to  induce  centrilobu- 
lar  DNA  synthesis  in  the  B6C3F1  mouse  but  not 
the  rat  [7].  This  phenomenon  was  partially  re¬ 
duced  by  the  addition  of  200  ppm  vitamin  E  (Vit 
E)  to  the  diet.  These  findings  suggested  a  role  for 
oxidative  stress  in  the  selective  hepatoxicity  and 
possible  carcinogenicity  of  dieldrin.  The  present 
study  further  examined  the  possible  role  of  ROS 
generation  and  oxidative  stress  formation  in 
dieldrin  hepatocarcinogenesis. 

Oxidative  stress  has  been  defined  as  “a  dis¬ 
turbance  in  the  pro-oxidant /antioxidant  balance 
in  favor  of  the  former,  leading  to  potential 
damage”  [8].  Mammalian  cells  generate  ROS 
during  normal  metabolic  processes.  The  cell  has 
several  ways  to  respond  to  the  production  of 
ROS  by  either  directly  reducing  the  ROS  via 
scavenging  by  enzymatic  and  non-enzymatic  an¬ 
tioxidants  or  by  removing  the  oxidative  damage 
by-products.  ROS  consist  of  reduced  forms  of 
diatomic  oxygen  including  superoxide,  hydrogen 
peroxide  and  the  hydroxyl  radical.  Superoxide, 
the  least  reactive  of  these,  cannot  pass  through 
cellular  membranes  but  it  can  be  spontaneously 
or  enzymatically  dismutased  to  hydrogen  perox¬ 
ide  [9].  Elydrogen  peroxide  is  electrically  neutral 
and  can  pass  through  cellular  membranes.  It  is 
typically  present  in  cells  at  concentrations  of 
10  -10  M.  Its  conversion  to  the  more  reactive 
hydroxyl  radical  occurs  either  by  the  Haber- 
Weiss  or  the  Fenton  reactions  [10,11].  The  hy¬ 
droxyl  radical,  the  most  reactive  of  the  ROS 
causes  cellular  damage  in  the  immediate  vicinity 
of  its  generation  [12]. 

Hepatocytes  live  in  a  balance  of  free  radical 
production,  free  radical  scavengers  and  repair  of 
damage  caused  by  free  radicals.  The  addition  of 
xenobiotics  to  hepatocytes  can  upset  this  balance 
by:  (1)  directly  forming  free  radicals;  (2)  in¬ 
directly  forming  ROS  from  within  the  cell 
(through  cytochrome  P450,  peroxisomes  or  mito¬ 


chondria);  (3)  depleting  or  inhibiting  normal 
enzymatic  and  non-enzymatic  antioxidant  sys¬ 
tems  which  scavenge  the  free  radicals  and  protect 
the  cell;  or  (4)  overburdening  the  scavenger  and 
repair  mechanisms  in  the  cell. 

Cells  use  oxygen  in  many  physiological  pro¬ 
cesses.  Peroxisomes,  which  break  down  fatty 
acids,  generate  hydrogen  peroxide  in  the  process. 
Catalase  located  in  the  peroxisomes  can  use  this 
peroxide  in  detoxification  reactions  to  metabol¬ 
ize  compounds  such  as  formaldehyde,  alcohol 
and  formic  acid  [13,14].  Likewise,  mitochondria 
generates  ROS  during  the  cellular  respiratory 
cycle  and  fatty  acid  catabolism  [15].  Mn  superox¬ 
ide  dismutase,  as  well  as  other  antioxidants 
within  the  mitochondria,  maintain  the  spurious 
ROS  generated  by  this  process  at  low  levels. 
Work  by  Sohal  and  coworkers  has  in  fact  demon¬ 
strated  a  strong  inverse  correlation  between 
production  of  ROS  by  mitochondria  and  longevi¬ 
ty  of  mammalian  species  [16,17].  A  third  im¬ 
portant  site  of  free  radical  generation,  the  micro¬ 
somal  electron  transport  system  (cytochrome 
P450),  requires  electrons  from  NADPH  to 
produce  partially  reduced  oxygen  species.  Nor¬ 
mally,  this  process  does  not  result  in  production 
of  ROS  but  in  the  presence  of  selected  xeno¬ 
biotics;  superoxide  radicals  may  be  generated 
through  futile  cycling  [18].  The  superoxide  radi¬ 
cal  can  then  be  converted  to  the  more  reactive 
hydroxyl  radical  via  the  Flaber-Weiss  reaction. 

In  addition  to  the  intracellular  production  of 
ROS,  extracellular  events  can  also  mediate  ox¬ 
idative  stress.  Macrophages  generated  ROS 
when  activated  to  begin  phagocytosis.  Macro¬ 
phages  undergo  oxidative  burst  which  are  cata¬ 
lyzed  by  a  membrane-bound  enzyme  NADPH 
oxidase  [19].  An  oxidative  burst  is  characterized 
by  the  release  of  large  amounts  of  superoxide 
from  the  macrophages.  Macrophages  can  be 
activated  by  xenobiotics  such  as  carbon  tetra¬ 
chloride  and  dieldrin  [20,21].  The  activated  Kup- 
ffer  cells  can  also  increase  production  of  tumor 
necrosis  factor  alpha  (TNFa)  which  triggers  the 
conversion  of  arginine  to  citrulline  releasing 
nitric  oxide  (NO)  via  NO  synthetase  [22]. 
Furthermore,  hypochlorite  (HOC1)  can  be  pro¬ 
duced  by  myeloperoxidase  (MPO)  [10].  The  NO 
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radical,  itself,  can  react  with  oxygen  to  produce 
peroxy nitrite,  an  intermediate  capable  of  decom¬ 
posing  into  the  more  active  peroxide  radical  [9]. 

The  antioxidant  defense  systems  of  the  hepat- 
ocyte  can  be  divided  into  non-enzymatic  and 
enzymatic.  The  non-enzymatic  antioxidant  de¬ 
fenses  consist  of  molecules  such  as  uric  acid 
(UA),  Vit  E,  vitamin  C  ( Vit  C)  and  glutathione 
(GSH)  that  can  directly  act  on  free  radicals.  The 
enzymatic  antioxidant  defenses  consist  of 
superoxide  dismutase  (SOD),  catalase  (CAT), 
GSH  peroxidase  (GSH-Px)  and  GSH  5-transfer¬ 
ase  (GST). 

The  enzymatic  defense  systems  consist  of  sub¬ 
stances  that  either  directly  act  to  remove  free 
radicals  or  act  to  recycle  non-enzymatic  mole¬ 
cules.  The  cornerstones  of  the  enzymatic  system 
are  3  enzymes:  SOD,  CAT  and  GSH-Px.  SOD 
takes  the  superoxide  radical  and  converts  it  to 
hydrogen  peroxide  [23,24].  SOD  and  CAT  have 
been  shown  to  decrease  in  skin  upon  treatment 
with  the  tumor  promoter  TPA  [25].  Also,  SOD 
and  GSH-Px  have  been  shown  to  decrease  in 
hepatocellular  carcinomas  [26].  Thus,  changes  in 
cellular  enzyme  levels  may  give  initiated  cells  a 
selective  growth  advantage. 

In  the  present  study  the  ability  of  dieldrin  to 
induce  ROS  (as  measured  by  salicylate  spin 
trap),  oxidative  damage  (as  measured  by  8-hy- 
droxy-2'-deoxyguanosine  (oh8dG)  and  lipid 
peroxidation)  and  modulate  antioxidatant  (mea¬ 
sured  by  changes  in  Vit  E)  was  examined.  Previ¬ 
ous  studies  by  our  group  have  shown  that  the 
enzymatic  antioxidants  do  not  change  with  diel¬ 
drin  treatment  and  that  other  non-enzymatic 
antioxidants  are  modified  to  the  same  extent  as 
Vit  E.  The  current  studies  were  performed  in 
primary  cultured  hepatocytes  from  rat  and 
mouse  and  in  subchronically  diedrin-treated  rats 
and  mice. 


2.  Materials  and  methods 

Mouse  and  rat  hepatocytes  from  F344  rats  and 
B6C3F1  mice  (Harlan-Sprague  Dawley,  Inc., 
Indianapolis,  IN)  were  isolated  by  in  situ  portal 
vein  perfusion  according  to  Klauning  et  al.  and 


Klaunig  and  Baker  [27,28].  Isolated  cells  were 
plated  at  a  density  of  33  000  cells /cm2  onto 
either  60-mm  culture  dishes  in  DMEM/F12 
media  supplemented  with  insulin  (5  jug/ml), 
gentamycin  sulfate  (50  mg/ml),  dexamethasone 
(0.8  /xg/ml:  stock  solution  4  mg/ml  95%  etha¬ 
nol)  and  5%  fetal  bovine  serum.  Cells  were 
incubated  in  a  5%  carbon  dioxide  incubator  set 
at  37°C  and  95%  humidity.  Medium  was  changed 
after  4  h  and  every  24  h  thereafter.  Cells  were 
dosed  with  dieldrin  at  each  medium  change.  To 
determine  if  dieldrin  generates  ROS,  dieldrin- 
treated  B6C3F1  and  F344  cultured  hepatocytes 
and  the  spin  trap  method  of  Floyd  et  al.  [29]  was 
used  as  modified  by  Grootveld  and  Halliwell 
[30].  Oxidative  damage  (as  measured  by  oh8dG 
and  lipid  peroxidation)  and  modulated  antioxid¬ 
ant  (measured  by  changes  in  Vit  E)  was  ex¬ 
amined  in  both  cultured  hepatocytes  and  liver 
from  rats  and  mice  treated  with  dieldrin.  Lipid 
peroxidation  (thio-barbituric  acid  reactive 
species  (TBARS))  was  determined  by  the  meth¬ 
od  of  Uchiyama  and  Mihara  [31].  oh8dG  was 
determined  by  a  modified  procedure  of  Marmur 
[32]  as  described  by  Chung  and  Xu  [33].  Vit  E 
was  measured  using  HPLC-UV  detection. 


3.  Results 

Hepatocytes  were  incubated  with  salicylic  acid 
and  dosed  with  dieldrin  (0.1,  1,  5,  10,  25,  and  50 
/iM)  for  60  min.  Mouse  hepatocytes  dosed  with 
25  ju.M  and  50  /xM  dieldrin  resulted  in  a  2-fold 
increase  in  2,3-dihyroxybenzoic  acid  (2,3- 
DHBA)  formation  (Table  1).  Hepatocytes  iso¬ 
lated  from  mice  pretreated  for  14  days  with 
dieldrin  showed  a  similar  increase  in  2,3-DHBA 
production  (2.5  times  control  hepatocytes).  Rat 
hepatocytes,  normal  or  dieldrin-pretreated  (in¬ 
duced)  showed  no  increase  in  2,3-DHBA  (Table 
!)• 

Mouse  and  rat  hepatocytes  were  treated  for  24 
h  with  0.1,  1,  5,  10,  25  and  50  /xM  dieldrin  to 
measure  malonedialdehyde  (MDA)  levels  (Table 
2).  An  increase  was  observed  in  mouse  hepat¬ 
ocytes  at  concentrations  of  25  and  50  /xM  diel¬ 
drin.  No  change  was  observed  in  rat  hepatocytes. 
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Table  1 

2,3-Dihydroxybenzoic  acid  in  mouse  and  rat  hepatocytes  following  dieldrin  treatment 


Dieldrin  concentration  (gM) 

Normal  mouse 

Normal  rat 

Treated  mouse 

Treated  rat 

0 

0.065 

0.133 

0.047 

0.040 

0.1 

0.068 

0.158 

0.046 

0.061 

1.0 

0.096* 

0.138 

0.049 

0.071 

5.0 

0.090* 

0.093 

0.061* 

0.027 

10.0 

0.095* 

0.085 

0.082* 

0.047 

25.0 

0.140* 

0.082 

0.118* 

0.037 

50.0 

0.136* 

0.093 

0.113* 

0.040 

Values  are  the 

mean  ±S.D.  based  on 

3  samples  per  group. 

Mice  and  rats  were  6 

-8  weeks  of  age.  Animals  were  placed  on  diets  of 

either  NIH-07 

or  NIH-07  supplemented  with  10  mg/ kg  dieldrin  for  2  weeks  prior  to  hepatocyte  isolation.  Statistical  analysis  was 

accomplished  by  first  using  ANOVA  with  P  <0.05  followed  by  the  post  hoc  Student  /-test.  ^Significant  P  <  0.05  when  compared  to 

control.  Values  are  expressed  as  (2,  3-DHBA/SA)  X  100. 

Table  2 

Vit  E,  MDA  and  ohSdG  levels  for  B6C3F1  mouse-  and  F344  rat-cultured  hepatocytes  following  dieldrin  treatment 

Dieldrin 

Vit  E  (pmol/mg  protein) 

MDA  (nmol /mg  protein) 

oh8dG /dGuo  X  10  1 

concentration 

(mm) 

Mouse 

Rat 

Mouse 

Rat 

Mouse 

Rat 

0 

11.10  ±0.81 

21.54  ±  1.83 

0.54  ±  0.022 

0.49  ±  0.06 

6.96  ±  0.37 

2.75  ±  1.24 

0.1 

10.60  ±  1.99 

20.25  ±  0.72 

0.54  ±  0.042 

0.58  ±  0.06 

7.05  ±  1.50 

3.53  ±  1.61 

1.0 

9.31  ±  2.50* 

11.85  ±0.89* 

0.55  ±  0.037 

0.61  ±  0.08 

8.94  ±  2.05 

4.08  ±  2.33 

5.0 

7.81  ±  1.89* 

9.23  ±  0.34* 

0.53  ±  0.084 

0.67  ±  0.08 

8.92  ±  1.80 

3.26  ±  1.31 

10.0 

4.45  ±  1.1 0* 

6.88  ±  0.48* 

0.62  ±  0.075 

0.60  ±0.11 

12.93  ±  1.54* 

3.69  ±  1.32 

25.0 

3.31  ±0.84* 

4.88  ±  0.34* 

0.76  ±0.154* 

0.48  ±  0.09 

26.44  ±  9.99* 

4.72  ±  1.57 

50.0 

2.40  ±  1.33* 

6.00  ±  0.73* 

0.96  ±0.105* 

0.55  ±  0.09 

9.8  ±  2.96 

3.73  ±  0.63 

Values  are  the  mean  ±S.D.  based  on  3  samples  per  group.  Mice  and  rats  were  6-8  weeks  of  age.  Animals  were  placed  on  diets  of 
NIH-07  for  1  week  prior  to  hepatocyte  isolation.  Hepatocytes  were  treated  for  24  h  before  analysis.  Statistical  analysis  was 
accomplished  by  first  using  ANOVA  with  P<0.05  followed  by  the  post  hoc  Student  /-test.  ^Significant  P  <  0.05  when  compared  to 
control. 


A  significant  increase  in  oh8dG  was  observed 
only  in  mouse  hepatocytes  following  treatment 
with  dieldrin  concentrations  of  10  and  25  yuM 
(Table  2).  Measurement  of  antioxidant  levels  in 
cultured  hepatocytes  following  dieldrin  treat¬ 
ment  showed  a  dose-dependent  decrease  in  Vit  E 
in  both  mouse  and  rat  hepatocytes.  While  Vit  E 
decreased  to  about  20%  of  their  original  values 
in  both  rats  and  mice,  the  rat  initially  contained 
about  twice  the  amount  of  Vit  E  as  that  seen  in 
the  mouse  (Table  2). 

Dieldrin  was  administered  in  the  diet  to 
B6C3F1  mice  and  F344  rats.  Rats  and  mice 
treated  with  dieldrin  (0.0,  0.1,  1.0,  and  10.0  mg/ 
kg  diet)  were  sacrificed  after  7,  14,  28,  and  90 
days  of  exposure.  Hepatic  DNA  synthesis  as 
measured  by  autoradiography  showed  a  dieldrin 
dose-related  increase  that  was  restricted  to  the 


treated  mice  (Table  3).  No  increase  in  DNA 
synthesis  was  seen  in  the  rat.  Mice  showed  an 
increase  in  DNA  synthetic  labelling  after  7  days 
to  4.4%  at  10  mg/ kg  and  2.6%  at  l.Omg/kg.  The 
labelling  index  appeared  to  pleateau  after  14 
days  of  exposure  and  returned  to  near  basal 
levels  by  day  90.  At  all  time  points  the  10-mg/kg 
dieldrin  diet  produced  a  significant  increase 
above  controls  in  mice. 

In  these  same  subchronically  treated  rodents, 
both  the  mouse  and  the  rat  showed  a  significant 
decrease  in  Vit  E  levels  with  dieldrin  (Table  4). 
Both  species  showed  an  initial  50%  decrease  in 
hepatic  Vit  E  levels  with  dieldrin  but  only  the 
mouse  showed  a  clean  dose  response  on  days  7 
and  14  which  correlated  with  dietary  dieldrin. 
The  rat  control  hepatic  Vit  E  was  approximately 
3  times  that  of  the  mouse.  This  may  afford  the 
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Dieldrin  (mg/kg  diet) 

Sampling  time  (days) 

DNA  S-Phase  synthesis  (%  labeled  nuclei) 

Mouse  Rat 

0.0 

7 

1.54  ±0.50 

1.84 

±0.77 

0.1 

7 

1.42  ±0.52 

1.28 

±0.32 

1.0 

7 

2.57  ±  0.84* 

2.20 

±0.97 

10.0 

7 

4.43  ±  1.14* 

1.17 

±1.21 

0.0 

14 

1.17  ±0.34 

1.06 

±0.35 

0.1 

14 

1.66  ±0.62 

1.26 

±0.51 

1.0 

14 

2.35  ±  0.42* 

1.11 

±0.31 

10.0 

14 

10.72  ±  3.38* 

1.06 

±0.24 

0.0 

28 

2.55  ±  0.52 

1.89 

±0.49 

0.1 

28 

2.83  ±  0.88 

2.66 

±0.47 

1.0 

28 

4.44  ±1.25* 

2.10 

±0.20 

10.0 

28 

10.41  ±  2.44* 

4.65 

±1.15 

0.0 

90 

1.89  ±  0.49 

1.31 

±0.43 

0.1 

90 

2.66  ±  0.47* 

1.31 

±0.43 

1.0 

90 

2.10  ±  0.20 

1.39 

±0.31 

10.0 

90 

4.65  ±  1.16* 

1.61 

±  10.38 

Five  animals  were  used  per  dose  group  per  time  period.  Results  are  expressed  as  ±S.D.  Statistical  analysis  was  accomplished  using 
ANOVA  (P  <0.05  criteria)  followed  by  the  post  hoc  Student  r-test.  *Value  significantly  different  from  that  of  control  (no  dieldrin). 

Table  4 

Hepatic  Vit  E  levels  for  B6C3F1  mice  and  F344  rats  following  subchronic  dieldrin  treatment 

Dieldrin  (mg/kg  diet) 

Sampling  time  (days) 

Hepatic  Vit  E  (^mmol/g  tissue) 

Mouse  Rat 

0.0 

7 

0.99  ±  0.04 

3.63 

±0.52 

0.1 

7 

0.76  ±  0.12* 

1.83 

±  0.63* 

1.0 

7 

0.67  ±  0.04* 

1.83 

±  0.47* 

10.0 

7 

0.49  ±  0.15* 

1.82 

±  0.66* 

0.0 

14 

1.08  ±0.06 

3.62 

±0.52 

0.1 

14 

0.76  ±  0.09* 

2.79 

±  0.28* 

1.0 

14 

0.71  ±  0.07* 

2.67 

±  0.30* 

10.0 

14 

0.60  ±0.12* 

2.63 

±  0.49* 

0.0 

28 

1.16  ±0.14 

3.44 

±0.51 

0.1 

28 

0.85  ±  0.08* 

2.92 

±0.18* 

1.0 

28 

0.77  ±  0.05* 

3.15 

±0.27 

10.0 

28 

0.87  ±  0.08* 

2.55 

±0.41 

0.0 

90 

1.04  ±0.09 

3.19 

±0.15 

0.1 

90 

0.65  ±  0.05* 

1.99 

±  0.26* 

1.0 

90 

0.53  ±  0.05* 

2.12 

±  0.16* 

10.0 

90 

0.47  ±  0.04* 

2.24 

±  0.26* 

Five  animals  were  used  per  dose  group  per  time  period.  Results  are  expressed  as  ±S.D.  Statistical  analysis  was  accomplished  using 
ANOVA  ( P  <  0.05  criteria)  followed  by  the  post  hoc  Student  t- test.  *Value  significantly  different  from  that  of  control  (no  dieldrin). 

rat  better  protection  against  ROS.  Hepatic  MDA 
showed  an  initial  increase  in  the  mouse  liver  at 
days  7  and  14  which  correlated  to  dietary  diel¬ 
drin.  No  change  in  liver  MDA  was  observed  in 


the  rat  (Table  5).  No  change  was  found  in  oh8dG 
(a  useful  marker  for  oxidative  damage  to  DNA) 
in  mouse  and  rat  livers  treated  with  dieldrin 
(Table  6). 
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Table  5 


Hepatic  MDA  in  B6C3F1  mice  and  F344  rats  following  subchronic  dieldrin  treatment 

Dieldrin  (mg/kg  diet) 

Sampling 

time  (days) 

Hepatic  MDA  (nmol/g  tissue) 

Mouse  Rat 

0.0 

7 

14.50 

11.37 

0.1 

7 

29.70* 

15.77 

1.0 

7 

39.76* 

11.99 

10.0 

7 

45.00* 

11.41 

0.0 

14 

25.00 

12.94 

0.1 

14 

54.00* 

11.69 

1.0 

14 

47.00* 

11.11 

10.0 

14 

83.60* 

11.81 

0.0 

28 

25.00 

11.37 

0.1 

28 

39.40* 

15.77 

1.0 

28 

48.80* 

11.99 

10.0 

28 

38.50* 

11.41 

0.0 

90 

30.80 

11.65 

0.1 

90 

37.40 

9.12 

1.0 

90 

31.80 

9.96 

10.0 

90 

36.20 

8.64 

Results  are  expressed  as  ±S.D.  Statistical  analysis  was  accomplished  using  ANOVA  (P<0.05  criteria)  followed  by  the  post  hoc 
Student  r-test.  *Value  significantly  different  from  that  of  control  (no  dieldrin). 

Table  6 

Hepatic  oh8dG  in  B6C3F1 

mice  and  F344  rats  following  subchronic  dieldrin  treatment 

Dieldrin  (mg/kg  diet) 

Sampling  time  (days) 

Hepatic  oh8dG  (oh8dG/dGuo 

Mouse 

X  10  -s) 

Rat 

0.0 

7 

5.00 

3.04 

0.1 

7 

6.28 

1.96 

1.0 

7 

4.42 

3.80 

10.0 

7 

6.01 

3.59 

0.0 

14 

4.36 

3.77 

0.1 

14 

3.26 

3.38 

1.0 

14 

2.89 

3.69 

10.0 

14 

3.18 

3.35 

0.0 

28 

4.26 

3.94 

0.1 

28 

5.36 

2.55 

1.0 

28 

5.43 

3.46 

10.0 

28 

3.38 

2.79 

0.0 

90 

5.44 

2.85 

0.1 

90 

5.59 

3.29 

1.0 

90 

4.97 

3.02 

10.0 

90 

5.70 

2.50 

Results  are  expressed  as  ±S.D.  Statistical  analysis  was  accomplished  using  ANOVA  (P<0.05  criteria)  followed  by  the  post  hoc 
Student  t-test.  *Value  significantly  different  from  that  of  control  (no  dieldrin). 


4.  Discussion 

The  detection  of  ROS  by  salicylate  was 
adapted  in  this  study  for  the  detection  of  ROS  in 


primary  hepatocytes.  Salicylate  can  form  several 
adducts  on  exposure  to  ROS,  but  only  the  2,3- 
DHBA  is  exclusively  produced  by  this  method. 
The  other  common  adduct,  2,5-dihyroxybenzoic 
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acid  (2,5-DHBA),  can  be  generated  by  direct 
metabolism  of  salicylic  acid  via  the  P450  system. 
A  change  in  the  level  of  the  2,5-DHBA  might 
reflect  either  competition  for  the  P450  isoenzyme 
metabolizing  salicylate  or  a  possible  increase  in 
its  metabolism  by  the  interaction  of  another 
substance  with  cytochrome  P450.  The  fact  that 
only  mouse  liver  produce  free  radicals  supports 
the  results  showing  an  increase  in  oh8dG  and 
MDA  levels  following  dieldrin  treatment  in 
mouse,  but  not  rat  hepatocytes. 

In  subchronicallly  treated  rodents,  the  mouse 
also  shows  unique  effects  of  dieldrin  treatment 
when  viewed  in  light  of  the  antioxidant /pro¬ 
oxidant  balance.  While  both  the  rat  and  mouse 
showed  a  decrease  in  hepatic  Vit  E  only  the 
mouse  showed  signs  of  hepatic  oxidative  stress  as 
evidenced  by  increased  hepatic  MDA.  The 
stimulation  of  DNA  synthesis  observed  in  the 
mouse  paralleled  the  increase  in  hepatic  MDA 
and  the  increase  in  urinary  oh8dG,  suggesting 
that  the  increase  in  DNA  synthesis  may  be 
related  to  the  reduction  of  oxidative  stress. 

Stimulation  of  DNA  synthesis  in  subchronic 
studies  is  a  predictive  tool  to  evaluate  the  car¬ 
cinogenicity  of  xenobiotics  [34].  Other  inves¬ 
tigators  have  reviewed  the  connection  between 
cell  proliferation  and  cancer  [35,36].  Cancer  by 
definition  is  a  proliferative  disease  and  DNA 
synthesis  is  critical  to  all  stages  of  cancer.  Cell 
proliferation  is  required  to  fix  a  mutation  which 
occurs  in  an  initiated  cell  and  the  clonal  expan¬ 
sion  of  these  cells  during  promotion  cannot  occur 
without  cell  proliferation.  Furthermore,  when 
cells  are  in  S  phase  they  are  more  vulnerable  to 
the  genotoxic  effects  of  chemicals  since  the  time 
for  DNA  repair  is  limited  and  the  DNA  is  more 
exposed  [37].  oh8dG  levels  rose  in  the  urine  in 
relation  to  the  increase  in  DNA  S-phase  syn¬ 
thesis  suggesting  that  the  DNA  was  more  ex¬ 
posed  to  the  effects  of  oxidative  stress  at  this 
time  (data  not  shown).  Thus,  stimulation  of 
DNA  synthesis  prior  to  formation  of  preneoplas¬ 
tic  foci  may  allow  for  the  fixation  of  sponta¬ 
neously  occuring  mutations  or  mutations  re¬ 
sulting  from  genotoxic  compounds. 

The  increase  in  hepatic  MDA  in  the  mouse 
preceded  the  observed  increase  in  DNA  syn¬ 


thesis.  MDA,  a  byproduct  formed  during  free 
radical  damage  of  polyunsaturated  fatty  acids 
(PUFA),  has  been  shown  to  be  mutagenic  to 
bacteria  and  mammalian  cells  and  carcinogenic 
to  rats  [38,39].  MDA  is  capable  of  forming 
adducts  with  DNA  [40].  The  decrease  in  MDA  in 
dieldrin-treated  mouse  livers  to  control  levels  at 
later  time  points  may  be  due  to  either  improved 
removal  of  MDA  from  the  liver  or  an  increase  in 
the  antioxidant  balance  of  the  liver.  Surprisingly, 
an  increase  in  mouse  hepatic  oh8dG  levels  was 
not  observed.  This  is  in  contrast  to  that  seen  in 
the  cultured  hepatocytes.  While  total  oh8dG  was 
not  modified,  other  studies  have  suggested  that 
mitochondrial  oh8dG  (in  contrast  to  nuclear 
DNA  damage)  may  be  the  target  for  the  damage 
by  xenobiotics.  Current  ongoing  studies  in  our 
group  are  further  examining  the  role  of  mito¬ 
chondrial  damage  in  this  process. 

At  early  time  points  we  observed  a  dose-de¬ 
pendent  decrease  in  hepatic  Vit  E  levels  in  the 
mouse  which  correlated  with  the  observed  in¬ 
crease  in  MDA.  Later,  the  dose  response  could 
not  be  observed  possibly  due  to  bio-accumula¬ 
tion  of  dieldrin  in  the  liver.  The  decrease  in  Vit  E 
may  be  due  to  its  displacement  from  the  mem¬ 
brane,  oxidation  by  free  radicals  or  interference 
with  its  transport  in  the  body. 

Oxidative  stress  may  cause  an  increase  in 
DNA  S-phase  synthesis  through  a  variety  of 
mechanisms.  Vit  E  has  been  shown  to  inhibit 
PKC  activity  which  is  involved  in  many  cellular 
proliferation  pathways  [41].  The  decrease  in 
hepatic  Vit  E  observed  in  this  study  then  might 
explain  the  proliferative  event.  Activation  of 
oncogenes  such  as  AP-1  or  NF-kB  by  oxidative 
stress  [42]  might  result  in  an  increase  in  DNA 
synthesis.  Oxidative  stress  has  been  shown  to 
cause  release  of  calcium  ions  from  cellular  stores 
which  may  in  turn  lead  to  mitotic  events  [43]. 

Oxidative  stress  is  a  pervasive  phenomenon 
resulting  from  the  in  vitro  or  in  vivo  treatment  of 
hepatocytes  with  tumor  promoting  xenobiotics. 
These  xenobiotics  may  act  through  a  variety  of 
different  mechanisms  (i.e.  peroxisome  prolifer¬ 
ation,  direct  production  of  free  radicals  by  the 
cytochrome  P450  system  or  by  altering  the  an¬ 
tioxidant  defense  system  of  the  cell).  This  re- 
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search  focused  on  the  selective  action  of  dieldrin 
in  the  mouse  liver  prior  to  the  appearance  of 
preneoplastic  foci  and  tumors.  The  question 
arises  as  to  how  this  oxidative  stress  observed 
with  dieldrin  treatment  correlates  to  hepato- 
carcinogenicity  observed  in  the  mouse.  Several 
possibilities  exist  which  focus  on  nongenotoxic 
mechanisms  of  cancer,  including  the  interrela¬ 
tionship  between  oxidative  stress,  aging  and 
cancer,  modulation  of  redox  regulation  of  tran¬ 
scription  factors  and  lastly,  a  change  in  mito¬ 
chondrial  damage. 
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Abstract 

Altered  enzyme  phenotype  and  expression  of  connexin  32  (Cx32),  a  gap  junction  protein  were  studied  during  the 
development  of  rat  liver  tumors  induced  by  the  non-genotoxic  carcinogen,  clofibrate.  (1)  In  contrast  to  previous 
findings  for  nitrosamine-induced  lesions,  preneoplastic  enzyme-altered  foci  (EAF)  and  neoplastic  nodules  (NN) 
lacked  any  clear  association  with  degree  of  altered  enzyme  expression  because  of  an  almost  complete  negativity  for 
GST-P  and  GGT.  (2)  Immunohistochemically  demonstrated  Cx32  spots  on  the  hepatocyte  membranes  showed  a 
clear  decrease  in  clofibrate-induced  lesions.  (3)  Naturally  occurring  EAF  demonstrating  GST-P  and/or  GGT 
positivity  did  not  show  a  significant  decrease  of  Cx32  counts  suggesting  a  reversible  nature.  Therefore,  the  Cx32 
decrease  appears  closely  linked  to  progression  of  hepatocarcinogenesis  irrespective  of  the  enzyme  phenotype  of 
neoplastic  focal  lesions  and  the  carcinogens  used  for  their  induction. 

Keywords:  Clofibrate;  Connexin  32;  Enzyme;  Liver  tumor;  Rat 


1.  Introduction 

Preneoplastic  lesions  exhibit  various  enzyme 
alterations  such  as  decreased  glucose-6-phospha- 
tase  (G6Pase)  and  adenosine  triphosphatase 
(ATPase),  and  increased  y-glutamyl  transpeptid¬ 
ase  (GGT),  glucose-6-phosphate  dehydrogenase 
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(G6PD)  and  the  glutathione  5-transferase 
placental  form  (GST-P)  [1-5],  all  of  which  have 
been  used  as  markers  for  lesion  development.  We 
have  reported  that  the  degree  of  phenotypic 
changes  in  terms  of  numbers  of  such  enzyme 
phenotypes  shows  a  good  correlation  with  neo¬ 
plastic  development  from  early  EAF  to  hepato¬ 
cellular  carcinomas  (HCC)  [6]. 

Gap  junctional  intercellular  communication 
(GJIC)  maintained  by  connexin  protein  is  known 
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to  play  an  important  role  in  physiological  homeo¬ 
stasis  by  mediating  transfer  of  signal-transducting 
substances  involved  in  control  of  metabolism  and 
cell  division  [7].  Aberrant  expression  of  GJIC 
has  been  described  in  neoplastic  cells  and  its 
interruption  shown  to  be  directly  relevant  to 
failure  of  homeostatic  control  and  resultant  car¬ 
cinogenesis  [8,9].  In  the  rat  liver,  chemically 
induced  preneoplastic  and  neoplastic  lesions, 
such  as  EAF,  NN  and  HCC,  which  are  known  to 
express  various  phenotypic  changes,  show  obvi¬ 
ous  decreases  in  levels  of  liver  gap  junction 
connexin  32  (Cx32)  mRNA  and  its  immuno- 
histochemically  demonstrated  protein  [10-12]. 
With  regard  to  the  atypical  lesions  induced  by 
peroxisome  proliferators,  a  clear  difference  has 
been  reported  for  altered  enzyme  status  but  it 
has  hitherto  not  been  clarified  whether  their 
capacity  for  cell-cell  communication  is  impaired 
[13]. 

The  present  investigation  was  therefore  con¬ 
ducted  at  assessing  (1)  Cx32  expression  in  pre¬ 
neoplastic  lesions  induced  by  clofibrate,  a  non- 
genotoxic  carcinogen  known  as  a  peroxisome 
proliferator  [13];  and  (2)  correlation  of  the 
degree  of  simultaneously  expressed  altered  en¬ 
zyme  phenotypes  within  each  lesion  and  pro¬ 
gression  of  hepatocarcinogenesis.  The  results 
were  compared  with  our  previous  findings  for 
lesions  induced  by  a  genotoxic  hepatocarcinogen, 
N-ethyl-V-hydroxyethylnitrosamine  (EHEN). 

2.  Materials  and  methods 

2.1.  Animals  and  experimental  schedule 

Male  6-week-old  Wistar  rats  (Charles  River 
Japan  Inc.,  Atsugi,  Japan)  were  used.  They  were 
maintained  on  basal  diet  (Oriental  MF,  Oriental 
Yeast  Co.,  Ltd.,  Tokyo)  ad  libitum  and  housed  in 
plastic  cages  in  an  air-conditioned  room  at  24  ± 
2°C  and  60  ±  5%  humidity.  For  the  induction  of 
preneoplastic  and  neoplastic  hepatocyte  lesions, 
rats  were  placed  on  the  basal  diet  containing 
0.5%  clofibrate  for  104  weeks  and  then  killed. 
Control  animals  were  also  killed  at  the  same  age. 


2.2.  Histochemistry  and  immunohistochemistry 

Immediately  upon  sacrifice,  the  livers  were 
excised  and  slices  4-5  mm  thick  were  cut  with  a 
razor  blade  and  immersed  in  isopentane  pre¬ 
cooled  to  approximately  -130°C  in  a  liquid 
nitrogen  bath.  They  were  stored  at  -80°C  in  a 
deep-freezer  until  use.  Serial  sections  cut  at  4 
pm  were  used  for  the  histochemical  demon¬ 
stration  of  G6PD  and  succinate  dehydrogenase 
(SD)  [14],  and  of  G6Pase,  ATPase  and  GGT 
activities  [15].  For  the  immunohistochemical 
staining  of  GST-P  and  Cx32,  frozen  sections 
were  fixed  in  acetone  cooled  to  -20°C,  before 
treatment  with  polyclonal  antibody  to  GST-P 
[16]  at  a  dilution  of  1:5000,  or  monoclonal 
antibody  to  Cx32  [8]  at  a  dilution  of  1:600. 
Binding  sites  were  demonstrated  by  the  avidin- 
biotin  peroxidase  complex  (ABC)  method  using 
diaminobenzidine-H202,  and  sections  were  then 
lightly  counterstained  with  hematoxylin. 

2.3.  Enzyme  expression  class  analysis 

For  the  quantitative  analysis  of  altered  enzyme 
expression,  individual  lesions  demonstrating  the 
respective  enzyme  alteration,  in  more  than  half 
of  the  focal  lesion  area,  were  traced  and  overlaid 
on  a  sheet  of  paper  using  a  Microfiche  Plaque 
Viewer  (Carl  Zeiss,  Jena,  Germany)  at  the 
magnification  of  X13.  For  each  individual  focal 
population  assessed,  phenotypic  expression  was 
noted.  The  lesions  were  classified  into  one  of  six 
different  classes  on  the  basis  of  numbers  of  the 
following  five  different  enzyme  alterations:  (a) 
increase  of  GST-P;  (b)  increase  of  GGT;  (c) 
decrease  of  ATPase;  (d)  decrease  of  G6Pase;  (e) 
increase  or  decrease  of  G6PD;  (f)  decrease  or 
increase  of  SD,  as  compared  to  surrounding 
hepatocytes.  For  example,  class  3  lesions  ex¬ 
pressed  three  out  of  the  above  six  enzyme 
alterations  in  any  combination.  The  smallest 
EAF  included  were  0.2  mm  in  diameter.  The 
criterion  for  distinguishing  EAF  from  NN  was 
the  presence  of  obvious  compression  of  the 
surrounding  parenchyma  in  the  latter  lesions 
which,  in  general,  exceed  one  liver  lobule  [17]. 
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Ten  clofibrate-induced  EAF  and  NN  (negative 
for  both  GST-P  and  GGT),  as  well  as  74  GST-P- 
and  GGT-positive  EAF  and  naturally  occurring 
EAF  in  untreated  liver  were  included  for  the 
analysis. 

2.4.  Quantitative  analysis  of  Cx32  localization 

Counting  of  Cx32  spots  was  performed  using  a 
microscope  equipped  with  a  grid-mesh  eye-piece 
lens,  which  allowed  approximately  250-300  nor¬ 
mal  hepatocytes  to  be  counted  within  one  field  at 
X400  magnification.  Cx32  values  were  calculated 
by  counting  the  number  of  immunohistochemi- 
cally  demonstrated  Cx32  spots  (connexon)  on 
hepatocyte  membranes  and  expressed  as  the 
number /cell.  For  the  comparison  of  Cx32  counts, 
17  grid  areas  of  background  parenchyma  in  five 
clofibrate-treated,  13  grid  areas  of  the  10  EAF, 
and  nine  grid  areas  from  five  NN  were  taken 
from  five  of  the  experimental  group  rats.  As 
controls,  9  grid  areas  of  background  and  20  grid 
areas  of  10  EAF  from  five  untreated  livers  were 
used. 


3.  Results 

3.1.  Enzyme  expression  characteristics 

Two  different  types  of  lesions,  tentatively 
named  Type  I  and  Type  II  lesions,  were  ob¬ 
served  in  the  livers  of  clofibrate-treated  rats. 
Type  I  lesions,  both  NN  and  large  size  EAF, 
were  characterized  by  a  lack  of  both  GST-P  and 
GGT  (no  alteration  compared  to  surrounding 
hepatocytes)  (Fig.  1).  This  type  of  lesion  ex¬ 
pressed  decreased  ATPase  and/or  G6Pase  ac¬ 
tivities  as  compared  to  surrounding  hepatocytes, 
similar  to  EHEN-induced  lesions.  However,  in 
most  cases,  expression  of  G6PD  decreased  and 
SD  increased,  which  was  in  contrast  to  EHEN- 
induced  lesions  which  expressed  an  increase  in 
G6PD  and  unchanged  or  decreased  SD. 

Type  II  lesions,  characterized  by  positive  reac¬ 
tions  for  both  GST-P  and  GGT  or  either  one  of 


them,  were  also  found  within  the  same  liver 
sections.  Most  of  these  lesions  were  foci  size  and 
their  enzyme  phenotype  was  closely  similar  to 
that  observed  for  EHEN-induced  lesions.  Num¬ 
bers  of  Type  I  and  II  lesions  in  the  livers  of 
clofibrate-treated  rats  were  3.42  ±  1.63  and 
14.33  ±  9.80  per  cm2,  respectively. 

In  the  untreated  liver,  appreciable  numbers  of 
‘spontaneously’  occurring  lesions  were  observed. 
They  were  GST-P  and/or  GGT  positive  and 
their  expression  of  other  enzymes  was  closely 
similar  to  that  observed  in  Type  II  and  EHEN- 
induced  lesions.  The  number  of  this  type  of 
lesion  was  11.96  ±2.95  per  cm2,  the  value  not 
being  significantly  different  from  that  of  Type  II 
lesions  in  clofibrate-treated  liver  (Fig.  2). 


3.2.  Degree  of  enzyme  expression  class 

Since  Type  I  lesions  lacked  expression  of  GST- 
P  and  GGT,  their  degree  of  altered  enzyme 
expression  was  limited  to  within  the  range  of 
classes  2-4,  with  class  3  predominating  (45%).  In 
contrast,  Type  II  lesions  exhibited  a  broad  dis¬ 
tribution  class  through  classes  1-6,  with  class  3 
including  the  highest  number  (24.3%).  In  spon¬ 
taneously-occurring  lesions,  the  expression  class 
broadly  ranged  from  classes  1  to  6,  as  observed 
in  Type  II  lesions,  with  class  2  being  the  largest 
(41.6%)  (Fig.  3). 

3.3.  Quantitative  analysis  of  Cx32  spots 

In  the  liver  of  clofibrate-treated  rats,  Cx32 
count/cell  was  0.15  ±0.12  in  Type  I  lesions, 
2.30  ±0.59  in  Type  II  lesions  and  1.95  ±0.41  in 
surrounding  hepatocytes.  In  the  liver  of  un¬ 
treated  rats,  Cx32  count  was  3.52  ±  0.82  in  natu¬ 
rally  occurring  lesions  and  3.71  ±  0.53  in  sur¬ 
rounding  hepatocytes.  Cx32  count  in  Type  I 
lesion  was  significantly  decreased  as  compared  to 
Type  II  lesions  and  surrounding  hepatocytes 
(Fig.  4).  Values  of  Type  II  and  naturally  occur¬ 
ring  lesions  were  not  significantly  different  from 
respective  surrounding  hepatocytes. 
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(c)  (d) 

Fig.  1.  A  clofibrate-induced  Type  I  lesion  (left  half)  lacking  GST-P,  GGT  and  Cx32  spots,  (a)  H&E:  (h)  GST-P;  (c)  GGT;  (d) 
Cx32.  The  GST-P  and  GGT  positive  area  compressed  outside  the  Type  I  lesion  is  a  Type  II  focus  in  which  Cx32  spots  are  not 
decreased. 


4.  Discussion 

The  rationale  for  the  present  study  of  class 
profile  analysis  of  altered  enzyme  expression  is 
based  on  our  previous  finding  that  preneoplastic 
lesions  induced  by  EHEN  exhibit  a  gradient  shift 
toward  larger  expression  class  during  the  pro¬ 
gression  of  neoplastic  development.  All  trans¬ 
planted  HCC  was  found  in  the  extreme  class  5, 
despite  no  specific  combination  of  altered  en¬ 
zymes  being  apparent  among  the  different  class 
lesions  [6].  Thus,  the  degree  of  phenotypic  shift  is 
positively  associated  with  progression  toward 
malignancy.  However,  in  contrast  to  EHEN-in- 
duced  lesions,  our  present  results  clearly  indicate 


that  clofibrate-induced  Type  I  lesions  did  not 
show  a  gradient  shift  toward  larger  numbers  of 
enzyme  expression  class,  mainly  because  they 
characteristically  lack  expression  of  two  enzymes, 
GST-P  and  GGT,  as  previously  observed  [18,19]. 
In  addition  to  the  negative  reactions  for  these 
two  enzymes,  G6PD  was  conspicuously  de¬ 
creased  given  the  strong  increase  seen  in  these 
nitrosamine-induced  lesions  [5,6].  Further  inves¬ 
tigation  is  necessary  to  clarify  the  role  of  de¬ 
crease  in  G6PD  in  terms  of  advantage  for  the 
neoplastic  development. 

The  relative  absence  of  small  Type  I  lesions 
might  be  explained  by  a  promotion  by  clofibrate 
of  spontaneously-occurring  foci  together  with 
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Clofibrate-treated  group 


Fig.  2.  Numbers  of  liver  lesions  in  clofibrate-treated  and 
untreated  rats.  No  significant  difference  is  evident  between 
Type  I  lesions  and  spontaneously-occurring  foci. 


alteration  of  GST-P  and/or  GGT  expression  to 
negative  [20].  Type  II  lesions  might  include  foci 
initiated  by  clofibrate  but  the  latter  possibility 
requires  further  clarification  because  the  ques¬ 
tion  of  whether  peroxisome  proliferators  includ¬ 
ing  clofibrate  can  exert  initiating  activity  has  not 
been  clearly  elucidated  as  yet  [21,22]. 

Our  earlier  findings  indicated  a  Cx32  reciproci¬ 
ty  with  the  increase  of  cells  in  S-phase  in  the 
regenerating  liver,  suggesting  that  proliferating 
ceils  lose  their  capacity  to  express  Cx32,  possibly 
providing  suitable  conditions  for  cell  division  by 
blocking  normal  homeostatic  control  [23].  It  has 
also  earlier  been  reported  that  Cx32  is  decreased 
in  terms  of  both  morphology  and  function  in 
nitrosamine-induced  GST-P  positive  preneoplas¬ 
tic  lesions  in  the  rat  [24,25].  Furthermore,  in 
EHEN-induced  lesions,  the  decrease  in  Cx32 
count  was  shown  to  significantly  correlate  with 
an  increase  in  degree  of  enzyme  expression  class, 


Altered  Enzyme  Phenotype  Expression 
GST-P(  0 ) ;  GGT(  ft  ) ;  ATP(  ♦  )  ;  G6P(  ♦  ) 
G6PD(  ft/4 )  ;  SD(ft/*) 


2  3  4  5 

Expression  class 

ft ,  increase  ;  ♦ ,  decrease  ;  ,  no  change  relative  to 

surrounding  hepatocytes 

Fig.  3.  Altered  enzyme  expression  class  distribution  of  Type  I 
and  II  lesions  in  clofibrate-treated  liver  and  spontaneously- 
occurring  foci.  GST-P  (increased);  GGT  (increased);  ATPase 
(decreased);  G6Pase  (decreased);  G6PD  (increased);  SD 
(increased  or  decreased);  Cx32  (decreased  or  no  change). 


exhibiting  an  inverse  relation  to  their  stage  of 
progression.  This  result  stimulated  our  interest  in 
whether  such  a  decrease  in  Cx32  expression 
might  also  occur  in  lesions  induced  by  the  non- 
genotoxic  carcinogen,  clofibrate,  which  is  known 
to  influence  enzyme  phenotype  expression  [18- 
20].  The  results  of  the  present  study  revealed 
that  the  Cx32  spot  count  in  Type  I  lesions  was 
clearly  decreased,  irrespective  of  the  altered 
enzyme  expression  status.  In  other  words,  ex¬ 
pression  of  Cx32  in  foci  is  not  dependent  on  the 
inducing  agent,  but  rather  by  some  regulatory 
factor  more  relevant  to  neoplastic  development 
[8,10]. 

In  contrast  to  the  Type  I  lesions,  Type  II 
lesions  found  in  the  same  livers  did  not  show  any 
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Fig.  4.  Numbers  of  Cx32  spots  for  hepatocytcs  of  clofibratc- 
Ireated  and  untreated  groups.  Values  for  Type  II  lesions  are 
significantly  decreased  compared  to  the  surrounding  hepat- 
ocytes.  In  contrast,  those  for  Type  II  and  spontaneously- 
occurring  foci  do  not  show  a  significant  difference  compared 
to  the  respective  surrounding  hepatocytcs. 


significant  decrease  in  Cx32  count  as  compared 
to  the  surrounding  hepatocytes.  Similar  observa¬ 
tions  were  made  for  spontaneously-occurring  foci 
in  untreated  liver.  Furthermore,  the  altered  en¬ 
zyme  expression  class  profile  was  essentially  the 
same  for  both  of  these  groups  of  lesions,  sug¬ 
gesting  that  Type  II  lesions  may  be  spontaneous 
in  origin.  This  is  also  in  line  with  the  quantitative 
data  for  numbers  of  foci  per  cm".  Earlier  reports 
indicated  that  the  lack  of  GJIC  between  neo¬ 
plastic  cells  and  surrounding  normal  cells  is 
essential  for  the  maintenance  of  the  transformed 
phenotypes  [9-12],  indicating  that  an  unchanged 
condition  of  Cx32  may  correlate  with  potential 
reversibility  of  the  lesion. 

From  our  previous  work  and  the  current  study, 
three  types  of  preneoplastic  lesions  can  be  dis¬ 
tinguished;  (1)  nitrosamine-induced  lesions,  as 
earlier  reported,  exhibiting  various  altered  en¬ 
zyme  expression  with  decreased  Cx32  count;  (2) 
clofibrate-induced  lesions  lacking  GST-P  and/or 
GGT  with  decreased  Cx32;  (3)  spontaneously- 
occurring  lesions  exhibiting  similar  enzyme  alter¬ 
ations  as  their  nitrosamine-induced  counterparts 
but  no  alteration  in  Cx32  count.  It  should  be 
noted  that  lesions  exhibiting  a  decrease  in  Cx32 
expression  may  have  a  greater  potential  to  pro¬ 
gress  to  NN  and  carcinomas  (Fig.  5). 

Accordingly,  the  present  observations  indicate 
an  important  role  for  GJIC  in  progression  in 


Expression  type 

Lesion  type  GST-P  GGT  ATP  G6P  G6PD  SD  Cx32  Fate 


NiSSr  Foci*™*HCC 


c!«  □□ 

(Type  I  lesions) 

Spontaneously-  , - 

Occurring  I  |j  I 

(Type  II  lesions)  - - 1 


Foci  HOC 

Foci 


F  I  .  increased  ;  m  ,  decreased  ;  f  |  ,  no  change 
relative  to  surrounding  hepatocytes 


Phenotype  Expression  Characteristics  of  3  Different 
Types  of  Neoplastic  Lesions  in  the  Rat  Liver 

Fig.  5.  Schematic  presentation  of  the  phenotypes  of  the  three 
different  lesions.  It  should  be  noted  that  irrespective  of  the 
enzyme  phenotype  expressed,  lesions  exhibiting  a  decrease  in 
Cx32  expression  have  the  potential  to  progress  to  NN  and 
carcinomas. 


hepatocarcinogenesis,  Cx32  expression  apparent¬ 
ly  correlating  with  cellular  independence  and 
growth  advantage.  In  conclusion,  the  decrease  in 
Cx32  counts  may  be  directly  relevant  to  neo¬ 
plastic  development,  irrespective  of  enzyme  phe¬ 
notype  expression  of  focal  lesions  and  the  car¬ 
cinogens  used  for  their  induction. 
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Abstract 

Gap  junctional  intercellular  communication  mediates  the  transfer  of  small  molecules  from  the  cytoplasm  of  one 
cell  to  that  of  neighbouring  cells.  Connexins  are  the  proteins  that  form  the  channels  responsible  for  this  type  of 
communication.  Aberrant  expression  and  function  of  connexins  are  often  found  in  cells  exposed  to  tumor- 
promoting  agents  and  during  carcinogenesis,  both  in  cell  culture  systems  and  in  tissues  freshly  removed  directly 
from  patients  and  exposed  animals.  Transfection  of  connexin  genes  into  tumorigenic  cells  often  exerts  negative 
growth  control,  suggesting  that  connexins  act  as  a  family  of  tumor-suppressor  genes.  Connexin  gene  mutations 
appear  to  be  the  cause  of  two  human  diseases,  i.e.  X-linked  Charcot-Marie-Tooth  syndrome  and  visceroatrial 
heterotaxia.  Connexin  genes  are  therefore  important  for  the  maintenance  of  homeostasis  and  thus  their  dysfunction 
could  lead  to  various  forms  of  disease. 

Keywords:  Cell-cell  communication;  Gap  junctions;  Connexins;  Multistage  carcinogenesis;  Tumor  suppressors 


1.  Introduction 

In  tissues,  cells  communicate  directly  between 
each  other  by  exchanging  small  molecules 
through  gap  junctions  from  cytoplasm  to  cyto¬ 
plasm  [1].  These  small  molecules  probably  in¬ 
clude  sugars,  nucleotides,  amino-acids  and  ions 
which  are  important  for  house-keeping  of  cells. 
Second  messengers  such  as  calcium,  cAMP  and 
inositol  triphosphate  also  pass  through  gap  junc¬ 
tions  and  participate  in  the  control  of  tissue 
homeostasis  [2]. 

The  transfer  of  cytoplasmic  molecules  between 
cells  is  made  possible  by  the  juxtaposition  of  two 
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hemichannels  crossing  the  membranes  of  two 
cells  in  contact.  Each  hemichannel,  called  a 
connexon,  is  made  of  six  protein  molecules,  the 
connexins  (Cx).  Connexins  are  members  of  a 
multigene  family  [3].  Their  structures  are  closely 
homologous,  except  in  their  cytoplasmic  se¬ 
quences  and  especially  the  length  of  their  car- 
boxy  terminal  part,  where  phosphorylation  of 
residues  modulates  their  function,  probably  by 
modulating  their  conformation  [4],  Each  type  of 
connexin  (named  according  to  their  molecular 
weight  in  kDa)  is  expressed  in  particular  types  of 
tissue.  Although  most  tissues  express  several 
connexin  species,  the  precise  combination  may 
play  an  important  role  in  the  maintenance  of  cell 
differentiation. 
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The  function  of  gap  junctions  is  estimated  by 
direct  intracellular  microinjection  of  fluorescent 
tracers,  such  as  Lucifer  yellow,  which  are  able  to 
pass  through  the  transmembrane  channels  from 
the  microinjected  cells  into  the  neighbouring 
cells  in  contact.  This  allows  the  communication 
capacity  of  cells  in  culture  or  in  tissue  slices  to  be 
measured  [5,6].  Other  methods  which  can  be 
used  include  metabolic  cooperation  [7]  and  elec- 
trophysiological  means  [8]. 

2.  Gap  junctional  intercellular  communication 
is  reduced  in  tumors  and  by  tumor-promoting 
agents 

Gap  junctional  intercellular  communication 
(GJIC)  is  absent  or  decreased  in  all  cancer  cell 
lines  we  tested,  whatever  their  origin  or  the  type 
of  connexin  expressed.  Measurements  of  GJIC  in 
human  cancer  cell  lines  and  their  normal  coun¬ 
terparts  in  our  laboratory  are  summarized  in 
Table  1.  Even  if  homologous  communication 
among  transformed  cells  is  present,  heterologous 
communication  between  the  transformed  and 
non-transformed  cells  does  not  occur,  as  seen  in 
BALB/c  3T3  cells  [9].  These  data  do  not  seem  to 
be  an  in  vitro  artefact  since  the  same  was 
observed  in  vivo  in  rat  liver  tumors  and  in  pieces 
of  human  liver  tumors  removed  during  surgery 
[6,10].  The  lack  of  communication  is  sometimes 
due  to  the  lack  of  connexin  gene  transcription  in 
cancer  cells  but  more  often  due  to  post-transla¬ 
tional  modifications  of  connexins.  In  rat  liver 
tumors,  for  example,  there  is  loss  of  connexin 
gene  transcription,  but  not  in  human  liver  tumors 
[10,11];  the  connexins  are  normally  expressed  but 
non-functional  because  they  accumulate  in  the 
cytoplasm  instead  of  in  plasma  membranes. 

Table  1 

Comparison  of  GJIC  (number  of  communicating  cells  as 
tested  by  dye  transfer  assay)  between  human  tumor  cells  and 
their  counterparts 


Cell  type 

Tumor  cells 

Non-tumoral  cells 

Mesothelial  cells 

0-10 

18-40 

Liver  cells 

8-10“ 

15-50 

Epidermal  cells 

0-20 

30-40 

a  Infected  with  SV40. 


Many  types  of  tumor-promoting  agents  inhibit 
the  gap  junctional  communication  capacity  of 
various  cell  types  [12].  Molecular  studies  indicate 
that  defective  gap  junctional  communication  in 
cells  exposed  to  tumor  promoters  involves  aber¬ 
rant  regulation  of  connexins.  For  instance,  12-0- 
tetradecanoylphorbol-  13-acetate  (TPA)  causes 
drastic  inhibition  of  gap  junctional  communica¬ 
tion  due  to  aberrant  localization  of  the  connexins 
in  the  cytoplasm,  as  shown  by  immunocytoch- 
emistry.  This  translocation  appears  to  be  the 
consequence  of  hyperphosphorylation  of  res¬ 
idues,  which  modifies  the  migration  capacity  on 
polyacrylamide  gels  of  the  connexin  43  (Cx43) 
expressed  in  the  relevant  cells,  as  tested  by 
Western  analysis  [13]. 

Most  studies  on  the  effect  of  tumor-promoting 
agents  have  been  confined  to  in  vitro  models.  We 
have  extended  this  approach  to  measurement  of 
GJIC  in  freshly  removed  tissue  samples.  We 
examined  the  effect  on  rat  liver  intercellular 
coupling  of  four  agents  that  are  considered  to 
exert  liver  tumor-promoting  activity  through 
different  mechanisms:  phenobarbital  (PB),  dich- 
lorodiphenyltrichloroethane  (DDT),  polychlori¬ 
nated  biphenyls  (PCBs;  arochlor  1260),  and 
clofibrate  (CF).  PB  and  PCBs  are  inducers  of 
cytochrome  P450s;  PCBs  induce  both  PB-type 
and  methylcholanthrene-type  P450s  [14].  Al¬ 
though  CF  is  a  peroxisome  proliferation  inducer 

[15] ,  the  main  biological  activities  of  DDT  are 
not  known,  except  that  it  has  an  inhibitory  effect 
on  coupling  in  various  types  of  cells  in  culture 

[16] ,  All  four  tumor-promoting  agents  (PB, 
DDT,  PCBs,  and  CF)  exerted  inhibition  of  dye¬ 
coupling  capacity  of  rat  liver.  The  strongest 
effect  was  observed  in  the  groups  treated  with 
PCBs  and  DDT.  PB  caused  the  least  inhibition 
of  dye  coupling.  The  most  prominent  inhibition 
was  found  after  2  weeks  of  exposure  in  all 
experimental  groups;  after  5  weeks  of  treatment, 
intercellular  coupling  slightly  recovered  in  all 
treated  animals  [17].  We  have  also  examined  the 
effect  of  the  same  agents  on  the  expression  of 
three  major  liver  connexins,  Cx26,  Cx32  and 
Cx43,  at  both  mRNA  and  protein  levels.  Our 
results  indicate  that  the  decrease  in  GJIC  is 
associated  with  aberrant  localization  of  a  certain 
amount  of  a  major  liver  connexin  (Cx32)  and 
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with  partial  inhibition  of  expression  in  hepat- 
ocytes  of  another  connexin  (Cx26). 

The  cytoplasmic  localization  of  connexins  is 
not  only  the  consequence  of  aberrant  phos¬ 
phorylation  but  may  also  be  due  to  cell-cell 
recognition.  Mouse  epidermal  cells  communicate 
through  gap  junctions  when  the  concentration  of 
extracellular  calcium  is  high.  When  the  calcium 
level  is  decreased,  the  communication  capacity 
drastically  decreases.  We  observed  that  the  in¬ 
duction  of  communication  with  increasing  cal¬ 
cium  concentration  is  correlated  with  the  mobili¬ 
zation  of  connexins  from  the  cytoplasm  to  the 
plasma  membrane.  This  process  is  not  dependent 
on  calcium  by  itself  but  is  due  to  the  presence  of 
a  cell-cell  recognition  molecule  (E-cadherin) 
which  needs  high  levels  of  calcium  to  be  func¬ 
tional.  When  this  protein  is  not  expressed,  as  in  a 
papilloma  cell  line  we  characterized,  the  cell-cell 
recognition  process  is  limited  and  connexins  do 
not  move  through  the  cytoplasm.  Connexin 
mobilization  is  re-induced  after  the  transfection 
and  expression  of  the  E-cadherin  gene  in  this  cell 
line  [18]. 

3.  Connexins  as  tumor-suppressor  genes 

All  the  data  described  above  suggest  that 
connexins  could  act  as  tumor  suppressors.  Indeed 
recently,  more  direct  evidence  for  the  role  of 
GJIC  in  negative  growth  control  or  as  a  tumor- 
suppressor  element  has  come  from  experiments 
in  which  connexin  genes  were  transfected  into 
tumorigenic  cells.  Thus,  Cx32  has  been  shown  to 
retard  in  vivo,  but  not  in  vitro,  growth  of  human 
hepatoma  cells  [19].  When  Cx43  cDNA  was 
transfected,  growth  of  rat  glioma  C6  [20]  and  of 
chemically  transformed  mouse  10T1/2  cells  [21] 
was  retarded  both  in  vitro  and  in  vivo.  In  order 
to  examine  whether  different  connexin  gene 
species  exert  different  degrees  of  tumor-suppres¬ 
sing  activity,  we  characterized  the  growth  charac¬ 
teristics  of  a  gap  junction-deficient  human  cancer 
cell  line,  EleLa  cells,  before  and  after  transfection 
with  cDNA  for  three  different  connexins,  Cx26, 
Cx40  and  Cx43.  All  transfected  cell  lines  (three 
clones  transfected  with  the  Cx26  gene,  two 
clones  with  Cx40,  and  one  with  Cx43)  showed 
establishment  of  GJIC.  Two  of  the  Cx26-trans- 


fected  clones  showed  significantly  slower  growth 
compared  with  the  parental  HeLa  cells.  When 
transfectants  were  grown  in  soft  agar,  the  three 
Cx26-transfected  clones  grew  much  less  than  the 
other  transfectants  or  the  parent  HeLa  cells. 
When  injected  into  nude  mice,  the  two  Cx26 
clones  which  exhibited  the  highest  amount  of 
Cx26  transcript  induced  almost  no  tumors, 
whereas  the  other  transfectants,  including  the 
Cx26  clone  which  exhibited  the  lowest  amount  of 
Cx26  transcript,  were  tumorigenic.  Among  trans¬ 
fectants  with  various  connexin  genes,  there  was 
no  clear  inverse  correlation  between  their  GJIC 
and  tumorigenicity.  GJIC  levels  were  significant¬ 
ly  higher  in  tumors  induced  in  nude  mice  by 
Cx26  transfectants.  These  results  suggest  that  all 
of  the  connexin  genes  examined  could  induce 
recovery  of  GJIC  of  HeLa  cells,  but  that  only  the 
Cx26  gene  exerts  strong  negative  growth  control 
on  HeLa  cells;  thus,  this  connexin  gene  may  have 
different  functions  from  other  connexin  genes. 
Cervical  tissues,  from  which  HeLa  cells  were 
originally  derived,  express  Cx26  as  a  major 
connexin  (Fig.  1),  suggesting  that  the  connexin 
type  expressed  under  normal  physiological  con¬ 
ditions  plays  an  important  role  in  the  suppression 
of  tumorigenicity  [22]. 

4.  Connexin  gene  mutations  in  tumors 

While  the  inhibition  of  GJIC  in  toxicology  has 
always  been  approached  as  a  non-genotoxic 
process,  it  is  possible  that  genotoxic  mechanisms, 
such  as  mutations  of  connexin  genes,  lead  to 
GJIC  impairment.  We  have  therefore  started  to 
search  for  Cx32  gene  mutations  in  human  and 
rodent  tumors  using  SSCP.  In  20  human  liver 
tumors  from  France  [10]  and  22  human  gastric 
tumors  from  Russia  [23],  we  found  no  sign  of 
mutations  in  the  coding  regions.  In  all  of  the 
same  liver  tumors,  we  found  reduced  GJIC  and  / 
or  aberrant  localization  of  Cx32  proteins.  How¬ 
ever,  among  seven  rat  liver  tumors  induced  by  a 
nitrosamine,  we  found  one  sample  with  a  muta¬ 
tion  at  codon  220  of  the  Cx32  gene.  This  sample 
also  showed  aberrant  localization  of  connexin 
molecules;  Cx32  proteins  were  localized  in  the 
nuclear  region  rather  than  at  cell-cell  contact 
areas.  Our  subsequent  studies  indicated  that  this 
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Days  after  injection  (10  injected  cells) 

Fig.  1.  Differential  tumor  suppressor  effects  of  different  connexin  species  on  He  La  cells.  The  tumorigcnicity  of  HeLa  cells 
transfected  with  the  Cx26  gene,  but  not  those  with  Cx40  or  Cx43  genes,  was  suppressed.  The  tumor  suppressive  effects  were 
correlated  with  the  level  of  connexin  gene  expression  in  the  cervical  tissue  from  which  HeLa  cells  had  been  originally  isolated  as 
shown  in  the  Northern  analyses  of  the  right  side  of  the  figure;  Cx26  is  the  most  abundantly  expressed  connexin  gene  in  the  cervix. 


mutation  is  functionally  silent,  at  least  in  HeLa 
cells,  after  transfection.  While  these  results  sug¬ 
gest  that  GJIC  may  be  more  often  impaired  by 
non-genotoxic  mechanisms,  it  should  be  noted 
that  the  Cx32  gene  is  located  on  the  X  chromo¬ 
some,  where  no  other  known  tumor-suppressor 
genes  have  been  found.  Mutations  of  the  Cx37 
gene  have  been  reported  in  cell  lines  derived 
from  murine  lung  tumors  [24],  and  it  seems 
possible  that  future  studies  will  reveal  mutations 
of  other  connexin  genes  in  certain  types  of 
tumors. 


5.  Connexin  gene  mutations  and  other  human 
diseases 

Recent  studies  have  begun  to  show  that  the 
mutations  of  connexin  genes  may  be  responsible 
for  certain  human  diseases.  For  example,  some 
types  of  viscero-atrial-heterotaxia  syndrome  are 


caused  by  germ-line  mutations  in  the  Cx43  gene, 
resulting  in  loss  of  response  to  cAMP-dependent 
protein  kinase  [25].  Moreover,  germ-line  muta¬ 
tions  of  the  Cx32  gene  have  been  reported  to  be 
responsible  for  X-linked  Charcot-Marie-Tooth 
(CMT)  disease  [26].  As  shown  in  Fig.  2,  muta¬ 
tions  can  occur  at  various  regions  of  coding 
sequences. 

In  order  to  see  whether  the  Cx32  gene  muta¬ 
tions  found  in  CMT  patients  impair  GJIC,  we 
introduced  four  different  Cx32  mutations  discov¬ 
ered  in  patients  with  CMT  disease  into  wild-type 
cDNA  and  transfected  them  into  non-com¬ 
municating  HeLa  cells.  Cells  transfected  with  the 
wild-type  Cx32  gene,  but  not  those  transfected 
with  genes  carrying  three  different  base  substitu¬ 
tion  mutations  (i.e.  Cys  60  to  Phe,  Val  139  to  Met 
and  Arg  215  to  Trp),  recovered  GJIC,  as  esti¬ 
mated  by  direct  microinjection  of  Lucifer  yellow. 
Unexpectedly,  however,  cells  transfected  with  a 
nonsense  mutant  at  codon  220  also  had  restored 
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Fig.  2.  Connexin  32  mutations  found  in  X-linked  Charcot-Marie-Tooth  patients.  Note  that  the  mutations  do  not  affect  any 
particular  region  of  the  protein  (FS,  frameshift;  DL,  deletion). 


GJIC.  These  results  suggest  that  most,  if  not  all, 
Cx32  gene  mutations  associated  with  CMT  dis¬ 
ease  do  indeed  impair  GJIC,  which  may  be  the 
cause  of  this  disease. 

The  fact  that  connexin  gene  mutations  lead  to 
different  human  diseases  strongly  suggests  that 
GJIC  is  responsible  for  a  range  of  biological 
functions.  This  may  not  be  surprising;  since  GJIC 
appears  to  play  a  central  role  in  maintenance  of 
homeostasis,  its  impairment  is  likely  to  result  in 
various  physiological  disorders.  This  is  also  re¬ 
flected  in  recent  results  showing  that  Cx43  or 
Cx26-null  mice  die  prematurely  [27].  From  the 
toxicological  point  of  view,  therefore,  GJIC  may 
be  a  good  marker  to  assess  risks  of  various 
agents. 


Acknowledgements 

We  are  grateful  to  Dr  J.  Cheney  for  editing  the 
manuscript.  This  work  was  supported  by  a  grant 
from  the  European  Community,  STEP  contract 
no.  CT91-0146  (DTEE). 

References 

[1]  Simpson,  I.,  Rose,  B.  and  Loewenstein,  W.R.  (1977)  Size 
limit  of  molecules  permeating  the  junctional  membrane 
channels.  Science  195,  294-296. 

[2]  Saez,  J.C.,  Connor,  J.A.,  Spray,  D.C.  and  Bennett, 
M.V.L.  (1989)  Hepatocyte  gap  junctions  are  permeable 
to  the  second  messenger,  inositol  1,4,5-triphosphate,  and 
to  calcium  ions.  Proc.  Natl.  Acad.  Sci.  USA  86,  2708- 
2709. 


706 


M.  Mesnil  et  al.  /  Toxicology  Letters  82/ S3  (1995)  701-706 


[3]  Kumar,  N.M.  and  Gilula,  N.B.  (1991)  Molecular  biology 
and  genetics  of  gap  junction  channels.  Semin.  Cell  Biol. 
3,  3-16. 

[4]  Bennett,  M.V.L.,  Barrio,  L.C.,  Bargiello,  T.A.,  Spray, 
D.C.,  Hertzberg,  E.  and  Saez,  J.C.  (1991)  Gap  junctions: 
new  tools,  new  answers,  new  questions.  Neuron  6,  305- 
320. 

[5]  Mesnil,  M.,  Piccoli,  C.  and  Yamasaki,  H.  (1993)  An 
improved  long-term  culture  of  rat  hepatocytes  to  detect 
liver  tumor-promoting  agents:  results  with  phenobarbi- 
tal.  Eur.  J.  Pharmacol.  248,  59-66. 

[6]  Krutovskikh,  V.A.,  Oyamada,  M.  and  Yamasaki,  H. 
(1991)  Sequential  changes  of  gap  junctional  intercellular 
communication  during  multistage  rat  liver  carcinogen¬ 
esis:  direct  measurement  of  communication  in  vivo. 
Carcinogenesis  12,  1701-1706. 

[7]  Murray,  A.W.  and  Fitzgerald,  D.J.  (1979)  Tumor  pro¬ 
moters  inhibit  metabolic  cooperation  in  co-cultures  of 
epidermal  and  3T3  cells.  Biochem.  Biophys.  Res.  Com- 
mun.  91,  395-401. 

[8]  Moreno,  A.P.,  Fishman,  G.I.  and  Spray,  D.C.  (1992) 
Phosphorylation  shifts  unitary  conductance  and  modifies 
voltage  dependent  kinetics  of  human  connexin  43  gap 
junction  channels.  Biophys.  J.  62,  51-53. 

[9J  Yamasaki,  H.,  Hollstein,  M.,  Mesnil,  M.,  Martel,  N.  and 
Aguelon,  A.-M.  (1987)  Selective  lack  of  intercellular 
communication  between  transformed  and  nontran- 
sformed  cells  as  a  common  property  of  chemical  and 
oncogene  transformation  of  BALB/c  3T3  cells.  Cancer 
Res.  47,  5656-5664. 

[10]  Krutovskikh,  V.A.,  Mazzoleni,  G.,  Mironov,  N.,  Omori, 
Y.,  Aguelon,  A.-M.,  Mesnil,  M.,  Berger,  F.,  Partensky,  C. 
and  Yamasaki,  H.  (1994)  Altered  homologous  and 
heterologous  gap-junctional  intercellular  communication 
in  primary  human  liver  tumors  associated  with  aberrant 
protein  localization  but  not  gene  mutation  of  connexin 
32.  Int.  J.  Cancer  56,  87-94. 

[11]  Fitzgerald,  D.J.,  Mesnil,  M„  Oyamada,  M„  Tsuda,  H„ 
Ito,  N.  and  Yamasaki.  H.  (1989)  Changes  in  gap  junction 
protein  (connexin  32)  gene  expression  during  rat  liver 
carcinogenesis.  J.  Cell  Biochem.  41,  97-102. 

[12]  Fitzgerald.  D.J.  and  Yamasaki,  FI.  (1990)  Tumor  promo¬ 
tion:  models  and  assay  systems.  Teratog.  Carcinog. 
Mutag.  10,  89-102. 

[13]  Mesnil,  M.,  Asamoto,  M.,  Piccoli,  C.  and  Yamasaki,  H. 
(1994)  Possible  molecular  mechanisms  of  homologous 
and  heterologous  gap  junctional  intercellular  communi¬ 
cation  in  rat  liver  epithelial  cell  lines.  Cell  Adhes. 
Commun.  2,  377-384. 

[14]  Luebeck,  E.G.,  Moolgavkar,  S.H.,  Buchman,  A.  and 
Schwartz,  M.  (1991)  Effects  of  polychlorinated  bi¬ 
phenyls  in  rat  liver:  quantitative  analysis  of  enzyme- 
altered  foci.  Toxicol.  Appl.  Pharmacol.  Ill,  464-469. 

[15]  Reddy,  J.K.,  Aznarnoff,  D.L.  and  Flignite,  C.E.  (1980) 
Hvpolipidaemic  hepatic  peroxisome  proliferators  form  a 
novel  class  of  chemical  carcinogens.  Nature  283,  397- 
398. 


[16]  Zeilmaker,  M.J.  and  Yamasaki,  H.  (1986)  Inhibition  of 
junctional  intercellular  communication  as  a  possible 
short-term  test  to  detect  tumor-promoting  agents:  results 
with  nine  chemicals  tested  by  dye-transfer  assay  in 
Chinese  hamster  V79  cells.  Cancer  Res.  46,  6180-6186. 

[17]  Krutovskikh,  V.A.,  Mesnil,  M.,  Mazzoleni,  G.  and 
Yamasaki.  FI.  (1995)  Inhibition  of  rat  liver  gap  junction 
intercellular  communication  by  tumor-promoting  agents 
in  vivo.  Association  with  aberrant  localization  of  con¬ 
nexin  proteins.  Lab.  Invest.  72,  571-577. 

[18]  Jongen,  W.M.F.,  Fitzgerald,  D.J.,  Asamoto,  M.,  Piccoli, 
C.,  Slaga,  T.J.,  Gros,  D.,  Takeichi,  M.  and  Yamasaki,  H. 
(1991)  Regulation  of  connexin  43-mediated  gap  junc¬ 
tional  intercellular  communication  by  Ca  1  '  in  mouse 
epidermal  cells  is  controlled  by  E-cadherin.  J.  Cell  Biol. 
114,  545-555. 

[19]  Eghbali,  B„  Kessler,  J.A.,  Reid,  L.M.,  Roy,  C.  and 
Spray,  D.C.  (1991)  Involvement  of  gap  junctions  in 
tumorigenesis:  transfection  of  tumor  cells  with  connexin 
32  cDNA  retards  growth  in  vivo.  Proc.  Natl.  Acad.  Sci. 
USA  88,  10701-10705. 

[20]  Naus,  C.C.G.,  Elisevitch,  K„  Zhu,  D.,  Belliveau,  D.J. 
and  Del  Maestro,  R.F.  (1992)  In  vivo  growth  of  C6 
glioma  cells  transfected  with  connexin  43  cDNA.  Cancer 
Res.  52,  4208-4213. 

[21]  Rose,  B.,  Mehta,  P.P.  and  Loewenstein,  W.R.  (1993) 
Gap-junction  protein  gene  suppresses  tumorigenicity. 
Carcinogenesis  14,  1073-1075. 

[22]  Mesnil,  M„  Krutovskikh,  V.,  Piccoli,  C.,  Elfgang,  C., 
Traub,  O.,  Willecke,  K.  and  Yamasaki,  H.  (1995)  Nega¬ 
tive  growth  control  of  HeLa  cells  by  connexin  genes: 
connexin  species  specificity.  Cancer  Res.  55,  629-639. 

[23]  Mironov,  N.M.,  Aguelon,  A.-M.,  Potapova,  G.I.,  Omori, 
Y.,  Gorbunov,  O.V.,  Klimenkov,  A. A.  and  Yamasaki,  El. 
(1994)  Alterations  of  (CA)n  DNA  repeats  and  tumor 
suppressor  genes  in  human  gastric  cancer.  Cancer  Res. 
54,  41-44. 

[24]  Mandelboim,  O.,  Berke,  G.,  Fridkin,  M.,  Feldman,  M., 
Eisenstein.  M.  and  Eisenbach,  L.  (1994)  CTL  induction 
by  a  tumour-associated  antigen  octapeptide  derived 
from  a  murine  lung  carcinoma.  Nature  369,  67-71. 

[25]  Britz-Cunningham,  S.H.,  Shah,  M.M.,  Zuppan,  C.W.  and 
Fletcher,  W.H.  (1995)  Mutations  of  the  connexin  43 
gap-junction  gene  in  patients  with  heart  malformations 
and  defects  of  laterality.  New  Engl.  J.  Med.  332,  1323- 
1329. 

[26]  Bergoffen,  J.,  Sherer,  S.S.,  Wang,  S.,  Oronzi,  S.M.,  Bone, 
L.J.,  Paul,  D.L.,  Chen,  K.,  Lensh,  M.W.,  Chance,  P.F.  and 
Fishbeck,  K.H.  (1993)  Connexin  mutations  in  X-linked 
Charcot-Marie-Tooth  disease.  Science  262,  2039-2041. 

[27]  Reaume,  A.G.,  deSussa,  P.A.,  Kulkarni,  S.,  Longille, 
B.L.,  Zhu,  D.,  Davies,  T.C.,  Juneja,  S.C.,  Kidder,  G.M. 
and  Rossant,  J.  (1995)  Cardiac  malformation  in  neonatal 
mice  lacking  connexin  43.  Science  267,  1831-1834. 


ELSEVIER  Toxicology  Letters  82/83  (1995)  707-711 


Toxicology 

Letters 


Recent  developments  in  methanol  toxicity 


Michele  A.  Medinsky*,  David  C.  Dorman 

Chemical  Industry  Institute  of  Toxicology ,  6  Davis  Drive,  P.O.  Box  12137,  Research  Triangle  Park,  NC  27709-1237,  USA 


Abstract 

The  disposition  of  methanol  and  its  putative  toxic  metabolite  formate  has  been  studied  in  humans,  non-human 
primates,  and  rodents  after  exposure  to  high,  neurotoxic  doses.  The  rate  at  which  rodents  detoxify  formate  is  more 
rapid  than  that  of  primates.  Formate,  an  endogenous  biological  substrate,  is  detoxified  by  metabolism  to  C02  via  a 
tetrahydrofolate-(THF)  dependent  pathway.  Species  with  high  hepatic  THF  levels,  such  as  rodents,  are  less 
sensitive  to  the  neurotoxic  effects  of  large  methanol  doses  compared  with  species  with  low  THF  levels,  such  as 
primates.  Data  on  the  capacity  of  primates  to  detoxify  formate  derived  from  inhalation  of  low  levels  of  methanol 
are  critical  for  assessing  human  risk  from  methanol  fuels.  Female  cynomolgus  monkeys  exposed  to  low 
concentrations  of  [14C]methanol  (10-200  ppm)  for  2  h  have  blood  levels  of  methanol-derived  formate  that  are  100- 
to  1000-fold  lower  than  endogenous  levels  of  formate.  Healthy  human  volunteers  exposed  at  rest  or  during  exercise 
to  200  ppm  methanol  for  6  h  or  exposed  to  20  mg  /kg  orally  have  elevated  blood  levels  of  methanol,  but  blood 
formate  concentrations  are  not  significantly  increased  above  endogenous  concentrations.  Deficiencies  in  THF  may 
prolong  blood  levels  of  formate  and  increase  the  likelihood  of  toxic  effects.  Limited  studies  in  non-human  primates 
with  low  THF  levels  exposed  to  900  ppm  methanol  for  2  h  have  shown  that  concentrations  of  methanol-derived 
formate  in  blood  remain  below  endogenous  levels.  Thus  human  populations  may  not  be  at  added  risk  of  neurotoxic 
effects  resulting  from  exposure  to  low  levels  of  methanol. 

Keywords:  Methanol;  Formate;  Folate;  Non-human  primates 


1.  Introduction 

Methanol  (wood  alcohol)  has  the  potential  to 
become  a  major  automotive  fuel  in  the  United 
States  in  the  next  century  [1].  Emissions  of 
methanol  can  arise  from  its  release  as  uncom¬ 
busted  fuel  in  automobile  exhaust  or  from  its 
evaporation  during  refueling  and  after  the  engine 
is  stopped.  The  United  States  Environmental 
Protection  Agency  has  modeled  methanol  expo- 
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sure  levels  that  might  occur  under  specific  con¬ 
ditions  of  use  [1].  For  example,  if  100%  of  all 
automobiles  were  powered  by  methanol-based 
fuels,  simulation  models  predict  concentrations 
of  methanol  in  urban  streets,  expressways,  rail¬ 
road  tunnels  or  parking  garages  ranging  from  a 
low  of  1  mg/m3  (0.77  ppm)  to  a  high  of  60 
mg/m3  (46  ppm).  Predicted  methanol  concen¬ 
trations  in  a  personal  garage  range  from  2.9 
mg/m3  to  50  mg/m3  while  predicted  concen¬ 
trations  during  refueling  of  vehicles  range  from 
30  to  50  mg/m3.  For  reference  purposes,  the 
threshold  limit  value  (TLV)  of  the  American 
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Conference  of  Governmental  Industrial  Hygien¬ 
ists  (ACGIH)  for  worker  exposure  to  methanol 
over  an  8-h  work  day  is  260  mg/m3  (200  ppm). 

A  large  body  of  evidence  on  the  acute  toxicity 
of  methanol  has  been  accumulating  since  the 
early  1900s,  when  exposure  of  humans  to  rela¬ 
tively  large  acute  doses  of  methanol  occurred 
either  through  accidental  or  intentional  inges¬ 
tion,  percutaneous  absorption  or  inhalation.  In 
the  early  part  of  the  century,  painters  used 
methanol  as  a  cleaning  fluid  or  as  a  dilution 
agent  for  shellac,  varnish  and  paint.  Methanol 
was  also  used  as  a  solvent  by  hatters,  dyers, 
shoemakers,  and  brass  finishers  and  in  the  manu¬ 
facture  of  rubber  tires  [2].  During  this  time, 
about  100  cases  of  vision  impairment  or  death 
from  inhalation  of  methanol  vapors  were  re¬ 
ported.  These  cases  demonstrate  that  acute 
human  exposure  to  methanol  can  result  in  blind¬ 
ness,  metabolic  acidosis,  and  death. 

Formate  is  the  metabolic  product  responsible 
for  the  acute  toxic  effects  of  methanol  [3-5], 
Formate  is  detoxified  by  a  multistep  pathway  to 
carbon  dioxide  (C02)  [6].  In  all  species  studied, 
this  is  achieved  through  a  tetrahydrofolate- 
(THF)  dependent  pathway.  Folate  is  an  essential 
vitamin  found  in  fresh  fruits  and  vegetables  and 
is  the  building  block  of  THF.  Rodents  have 
higher  concentrations  of  liver  THF  compared 
with  primates  and  therefore  are  more  efficient  in 
the  metabolism  of  formate  to  C02  than  humans 
and  non-human  primates.  The  faster  rate  of 
formate  removal  in  rodents  prevents  accumula¬ 
tion  of  formate  above  endogenous  levels  at  any 
methanol  dose.  Therefore  rodents  are  not  sus¬ 
ceptible  to  methanol-induced  metabolic  acidosis 
or  ocular  toxicity  from  exposures  that  cause 
these  effects  in  humans  and  non-human  pri¬ 
mates. 

2.  Low  level  methanol  exposure 

The  issue  of  blood  methanol  and  formate 
concentrations  following  inhalation  exposure  to 
methanol  vapors  has  been  addressed  by  Horton 
et  al.  [7],  who  exposed  male  rhesus  monkeys  to 
concentrations  of  methanol  ranging  from  200 
ppm  to  2000  ppm  for  6  h.  Although  these  levels 


are  higher  than  those  expected  during  normal 
fuel  use  they  still  enable  us  to  get  a  perspective 
on  the  issue.  Concentrations  of  methanol  and 
formate  in  the  blood  of  the  primates  were 
measured  for  up  to  18  h  after  the  end  of  the  6-h 
inhalation  exposure.  The  highest  blood  methanol 
concentrations  occurred  immediately  following 
the  6-h  inhalation  exposures  and  declined  steadi¬ 
ly  thereafter.  The  concentrations  of  formate  in 
the  blood  of  the  monkeys  exposed  to  these 
methanol  vapors  were  not  elevated  above  the 
endogenous  blood  formate  concentrations  deter¬ 
mined  at  the  start  of  the  exposure  (Fig.  1).  Blood 
concentrations  of  formate  varied  considerably 
among  the  individual  monkeys  and  at  various 
times  up  to  18  h  after  the  end  of  the  exposure. 
However,  these  formate  concentrations  were  not 
influenced  by  either  time  or  methanol  exposure 
concentration,  suggesting  that  the  formate  levels, 
although  variable,  were  not  elevated  above  en¬ 
dogenous  levels  by  exposure  to  inhaled  metha¬ 
nol.  The  highest  methanol  exposure  concentra¬ 
tion  used  by  Horton  et  al.  [7],  2000  ppm,  is  10 
times  higher  than  the  current  time  weighted 
average  (TWA)-TLV  for  methanol  of  200  ppm. 

Although  these  studies  showed  that  blood 
formate  concentrations  were  not  increased  above 
endogenous  levels  following  exposure  to  200 
ppm  methanol,  the  contribution  of  methanol- 
derived  formate  to  the  total  body  pool  of  for¬ 
mate  could  not  be  determined.  This  issue  was 
addressed  by  Dorman  et  al.  [8]  using  female 
cynomolgus  monkeys  which  were  exposed  to  a 


Fig.  1.  Blood  concentrations  of  formate  in  male  rhesus 
monkeys  prior  to  (pre)  and  after  (end)  exposure  to  0 
(control),  200,  1200,  or  2000  ppm  methanol  for  6  h.  Data 
represent  average  formate  concentrations  for  three  monkeys 
taken  from  Horton  et  al.  [7]. 
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range  of  inhalation  exposure  concentrations  of 
methanol  spanning  both  workplace  and  environ¬ 
mental  exposures.  Carbon-14  radiolabeled 
methanol  was  incorporated  into  the  exposure 
atmosphere  to  aid  in  measuring  concentrations  of 
methanol  and  formate  in  blood  and  excretory 
products  both  during  and  after  exposure  to  the 
inhaled  methanol.  The  results  summarized  in 
Table  1  indicated  that  a  2-h  exposure  to 
[14C]methanol  concentrations  up  to  900  ppm 
produced  a  maximum  blood  [14C]formate  con¬ 
centration  that  was  only  a  fraction  of  the  endog¬ 
enous  formate  level  (100-200  nmol /ml)  and 
several  orders  of  magnitude  lower  than  levels  of 
formate  known  to  be  toxic  (>7000  nmol/ ml). 
These  studies  suggest  that  the  maximum  blood 
concentration  of  formate  resulting  from  exposure 
to  low  concentrations  of  methanol,  such  as  those 
that  might  result  from  the  use  of  methanol  as  an 
alternative  fuel,  is  insignificant  when  compared 
with  endogenous  formate  levels. 

Recent  experimental  studies  in  humans  ex¬ 
posed  to  concentrations  of  methanol  at  the 
TWA-TLV  are  consistent  with  results  of  experi¬ 
ments  in  non-human  primates.  For  example,  Lee 
et  al.  [9]  exposed  healthy  volunteers  to  methanol 
concentrations  of  200  ppm  for  6  h.  The  subjects 
were  either  at  rest  or  engaged  in  mild  exercise. 
These  investigators  were  able  to  observe  a  3.5-  to 
4-fold  increase  in  the  peak  methanol  concen¬ 
tration  in  blood  of  the  exposed  subjects  com¬ 
pared  to  their  preexposure  levels,  indicating  that 
they  had  absorbed  some  of  the  methanol  vapor. 
However,  when  these  investigators  analyzed  the 
concentrations  of  formate  in  the  blood  of  these 
individuals,  they  were  not  able  to  detect  a  change 
in  the  blood  formate  concentration  compared  to 
the  preexposure  value.  Similar  results  were  ob¬ 


served  in  humans  exposed  to  methanol  while 
resting  or  exercising.  Most  recently,  d‘ Alessan¬ 
dro  et  al.  [10]  measured  formate  levels  in  urine 
and  serum  after  controlled  methanol  exposures 
of  healthy  volunteers  at  the  threshold  limit  value 
(200  ppm).  These  investigators  also  could  not 
detect  any  increase  in  formate  in  urine  or  serum 
due  to  methanol  exposure  compared  to  the 
control  values.  Taken  together,  results  of  studies 
in  humans  and  non-human  primates  exposed  to 
concentrations  of  methanol  ranging  from  10  to 
2000  ppm  suggest  that  exposure  to  methanol 
vapors  during  the  normal  use  of  methanol  fuel 
does  not  pose  an  unacceptable  risk  to  healthy 
adults. 

3.  Sensitive  subpopulations 

As  noted  previously,  the  hepatic  stores  of 
folate  in  the  liver  are  an  important  determinant 
for  predicting  whether  or  not  a  species  is  sensi¬ 
tive  to  methanol-induced  acute  toxicity  [6,11,12]. 
Studies  were  conducted  to  determine  how 
methanol  is  metabolized  by  non-human  primates 
with  reduced  stores  of  folate  [8].  The  same 
female  cynomolgus  monkeys  that  were  used  in 
the  previously  described  studies  of  Dorman  et  al. 
[8]  were  placed  on  a  folate-devoid  diet  until 
reduced  folate  levels  in  red  blood  cells  of  these 
monkeys  were  observed.  The  monkeys  were  then 
exposed  to  900  ppm  of  [14C]methanol  for  2  h. 
Even  with  a  reduced  folate  status,  monkeys 
exposed  to  900  ppm  of  [14C]methanol  for  2  h  still 
had  peak  concentrations  of  [14C]methanol-de- 
rived  formate  that  were  well  below  the  endogen¬ 
ous  formate  levels  and  orders  of  magnitude 
lower  than  levels  that  produce  acute  methanol 
toxicity  (Table  1).  Although  these  results  only 


Table  1 

Measured  peak  methanol  and  formate  concentrations  in  primates  exposed  to 

[14C]methanola 

[14C]Methanol  exposure  (ppm) 

Blood  [14C]methanol  (/xM) 

Blood  [14Clformate  (/xM) 

10 

0.65  ±  0.3 

0.07  ±  0.02 

45 

3.0  ±  0.8 

0.25  ±  0.09 

200 

21  ±16 

2.3  ±  2.9 

900 

106  ±  84 

2.8  ±  1.7 

900  (folate-deficient) 

211  ±71 

9.5  ±  4.7 

a  Data  taken  from  Dorman  et  al.  [8]. 
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represent  a  single  exposure  and  therefore  pre¬ 
clude  broad  generalizations,  they  do  suggest  that 
the  body  contains  sufficient  folate  stores  to 
effectively  detoxify  small  doses  of  methanol-de¬ 
rived  formate  from  inhalation  of  methanol  re¬ 
sulting  from  its  normal  use  as  an  automotive  fuel. 

4.  Developmental  toxicity 

Recent  studies  conducted  in  rodents  [13-15] 
have  demonstrated  that  methanol  exposure  im¬ 
pairs  neural  tube  closure.  The  concentrations  of 
methanol  used  in  the  teratogenicity  studies  great¬ 
ly  exceed  estimates  of  likely  exposure  scenarios 
to  methanol  vapors  relating  to  its  use  as  an 
automotive  fuel.  Nonetheless,  given  what  is 
known  about  the  dramatic  differences  in  the  way 
rodents  and  primates  metabolize  methanol  and 
formate,  is  the  biochemical  basis  for  the  ob¬ 
served  teratogenic  effects  in  rodents  relevant  for 
humans? 

Formate  seems  to  play  no  apparent  role  in  the 
development  of  methanol-induced  exencephaly 
in  mice  [16].  Mice  exposed  to  15  000  ppm  metha¬ 
nol  for  6  h  developed  exencephaly  and  had  high 
concentrations  of  methanol  (223  ±  23  mM)  in 
maternal  plasma  but  did  not  accumulate  formate 
in  either  plasma  or  conceptuses.  Additionally, 
animals  given  a  large  single  oral  dose  of  sodium 
formate  (750  mg/kg)  did  not  develop  exencepha¬ 
ly  or  decidual  swelling  in  excess  of  2.5  mm. 

The  relationship  between  the  folate  status  and 
developmental  neurotoxicity  is  well  recognized. 
Sakanashi  and  coworkers  (17)  reported  an  in¬ 
crease  in  methanol-induced  exencephaly  and 
other  terata  in  CD-I  mice  on  a  folate-deficient 
diet  and  also  reported  that  folate  supple¬ 
mentation  ameliorated  those  adverse  develop¬ 
mental  effects.  Research  on  the  relationship 
between  methanol  exposure  and  fetotoxicity 
should  help  answer  further  questions  about  the 
risk  of  exposure  to  low  concentrations  of  metha¬ 
nol  if  it  is  used  as  an  alternative  fuel. 
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Abstract 

Methyl  tertiary  butyl  ether  (MTBE)  is  widely  used  in  gasoline  as  an  oxygenator  and  octane  enhancer.  There  is 
also  an  interest  in  using  the  ethyl  tertiary  butyl  (ETBE)  and  methyl  tertiary  amyl  (TAME)  ethers.  We  measured  the 
blood,  water,  and  olive  oil/air  partition  coefficients  in  vitro  of  MTBE,  ETBE,  TAME  and  tertiary  butyl  alcohol 
(TBA),  a  metabolite  of  MTBE  and  ETBE.  The  results  indicate  similar  uptake  and  distribution  behavior  for  the 
three  ethers  and  a  slight  affinity  for  fatty  tissues.  The  partition  coefficients  of  TBA  indicate  that  this  metabolite  is 
not  excreted  via  the  lungs  to  any  great  extent  and  that  it  is  preferentially  distributed  in  body  water.  Further,  we 
exposed  10  healthy  male  volunteers  to  MTBE  vapor  at  5,  25  and  50  ppm  for  2  h  during  light  physical  exercise. 
Uptake  and  disposition  were  studied  by  measuring  MTBE  and  TBA  in  inhaled  and  exhaled  air,  blood  and  urine. 
Low  uptake,  high  post-exposure  exhalation,  and  low  blood  clearance  indicate  slow  metabolism  of  MTBE  relative  to 
many  other  solvents.  A  low  recovery  of  TBA  in  urine  (below  1%  of  uptake)  indicates  further  metabolism  of  TBA. 
The  concentration  of  MTBE  and  TBA  in  blood  was  proportional  to  exposure  level  suggesting  linear  kinetics  up  to 
50  ppm.  The  half  life  of  7-10  h  in  blood  and  urine  indicates  that  TBA  would  be  more  suitable  than  the  parent 
compound  as  a  biomarker  for  MTBE  exposure.  Subjective  ratings  (discomfort,  irritative  symptoms,  CNS  effects) 
and  eye  (redness,  tear  film  break-up  time,  conjunctival  damage,  blinking  frequency)  and  nose  (peak  expiratory  flow 
acoustic  rhinometry,  inflammatory  markers  in  nasal  lavage)  measurements  indicated  no  or  minimal  effects  of 

MTBE. 

Keywords:  Human  chamber  exposure;  Methyl  tertiary  butyl  ether;  Ethyl  tertiary  butyl  ether;  Methyl  tertiary  amyl 
ether;  Liquid /air  partition  coefficients;  Tertiary  butyl  alcohol 
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1.  Introduction 

Methyl  tertiary  butyl  ether  (MTBE)  is  widely 
used  in  gasoline  as  an  oxygenator  and  octane 
enhancer.  There  is  also  an  interest  in  using  the 
ethyl  tertiary  butyl  (ETBE)  and  methyl  tertiary 
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amyl  (TAME)  ethers  [1].  Experiences  of  nausea, 
headache,  and  irritation,  in  some  regions  have 
allegedly  been  associated  with  the  use  of  and 
exposure  to  gasoline  containing  MTBE  [2,3]. 

MTBE,  and  probably  also  ETBE,  is  metabo¬ 
lized  to  tertiary  butyl  alcohol  (TBA)  in  rat  liver 
microsomes  [4]  and  by  rat  lung  tissue  and  blood 
[5].  In  rats,  TBA  is  further  metabolized  to  2- 
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methyl-1, 2-propanediol  and  a-hydroxyisobutyric 
acid,  and  these  metabolites  are  subsequently 
excreted  in  urine  [5].  TBA  has  also  been  demon¬ 
strated  in  blood  samples  from  humans  exposed 
to  MTBE  [2,6]. 

The  alleged  acute  effects  associated  with  expo¬ 
sure  to  MTBE  together  with  the  search  for 
suitable  biomarkers  of  exposure  to  gasoline 
prompted  us  to  initiate  a  research  project  on  the 
toxicokinetics  and  acute  effects  of  ether  additives 
in  humans.  The  project  consists  of  the  following 
parts:  (1)  Determine  partition  coefficients  in 
vitro,  for  use  in  physiologically-based  pharma¬ 
cokinetic  (pbpk)  modeling;  (2)  Study  tox¬ 
icokinetics  and  acute  effects  in  experimental 
chamber  exposure;  (3)  Develop  a  pbpk  model,  as 
a  basis  for  biomonitoring  and  target  dose  esti¬ 
mates. 

This  paper  summarizes  the  methods  and  pre¬ 
liminary  results  with  respect  to  partition  coeffi¬ 
cients  of  MTBE,  ETBE,  TAME,  and  TBA  and 
toxicokinetics  and  acute  effects  of  MTBE  in 
humans.  The  results  will  be  presented  in  detail 
elsewhere  ([7]  and  Nihlen  et  al.  (in  preparation), 
respectively).  The  human  chamber  exposure 
study  with  MTBE  is  currently  being  repeated  for 
ETBE. 


2.  Materials  and  methods 

2.1.  Subjects 

Blood  for  determination  of  partition  coeffi¬ 
cients  was  sampled  from  five  female  and  five 
male  Caucasians.  Ten  male  Caucasian  volunteers 
(age  23-51  years,  body  weight  70-90  kg)  partici¬ 
pated  in  the  chamber  exposure  study.  The  sub¬ 
jects  were  healthy  as  judged  by  medical  examina¬ 
tion  and  standard  clinical  blood  chemistry.  All 
were  nonsmokers  and  were  not  taking  any  drugs 
at  the  time  of  the  experiment.  They  had  no 
history  of  excess  usage  of  alcohol  or  other  drugs, 
liver  disease,  or  occupational  exposure  to  MTBE 
or  other  organic  solvents.  Further,  the  volunteers 
were  not  using  contact  lenses,  and  had  no  history 
of  eye  diseases  or  allergy.  They  had  to  refrain 
from  alcoholic  beverages  starting  48  h  prior  to 


and  throughout  the  experiment.  The  studies  were 
approved  by  the  regional  ethical  committee  at 
the  Karolinska  Institute,  Solna,  and  were  only 
performed  after  informed,  written  consent. 

2.2.  Partition  coefficients 

Liquid/air  partition  coefficients  were  deter¬ 
mined  by  the  closed  vial  technique  as  described 
elsewhere  [7].  In  brief,  0.5  ml  olive  oil  or  2  ml 
pooled  human  blood  or  physiological  saline  was 
added  to  a  22-ml  gas  tight  glass  vial.  After 
addition  of  2  yud  of  a  water  mixture  of  the  three 
ethers  the  vial  was  allowed  to  equilibrate  at  37°C 
for  40  min.  The  gas  phase  was  analyzed  for 
ethers  by  head-space  gas  chromatography  using  a 
Poraplot  Q  capillary  column  and  flame  ionization 
detection.  Partition  coefficients  were  obtained  by 
comparing  peak  areas  between  the  sample  vial 
and  a  reference  vial  without  liquid  phase. 

2.3.  Exposure  conditions 

Two  subjects  were  exposed  at  a  time  in  a 
12-m3  exposure  chamber  with  18-20  air  ex¬ 
changes  per  hour.  Exposures  were  conducted  for 
2  h  during  light  physical  exercise  (50  W)  on  a 
bicycle  ergometer.  Each  subject  was  exposed  on 
three  different  occasions,  at  the  nominal  levels  50 
ppm  (the  current  Swedish  permissible  exposure 
level  [8]),  25  ppm,  and  5  ppm.  Actual  levels  were 
continuously  monitored  by  Fourier  transform 
infrared  spectrophotometry.  Actual  levels  were 
49  ±  0.8  (mean  ±S.D.),  24  ±  2.6,  and  4.8  ±  1.8 
ppm. 

2.4.  Sampling  and  chemical  analyses 

Mixed  exhaled  air  was  sampled  before,  during, 
and  up  to  24  h  (48  h  at  50  ppm)  after  exposure. 
Expired  breath  was  conducted  via  a  mouth  piece 
fitted  to  a  one-way  valve  into  a  mixing  chamber 
and  subsequently  absorbed  on  an  Anasorb  747 
charcoal  tube.  The  tube  was  desorbed  with 
carbon  disulfide  and  analysed  by  gas  chromato¬ 
graphy  with  flame  ionization  detection  using  a 
CP  Sil  8,  bonded  phase,  capillary  column. 

Capillary  blood  was  sampled  before,  during, 
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and  up  to  24  h  (48  h  at  50  ppm)  after  exposure. 
The  blood  samples  were  analysed  for  MTBE  and 
TBA  by  head-space  gas  chromatography  (Pora- 
plot  Q  capillary  column,  flame  ionization  detec¬ 
tion).  Standards  were  prepared  using  venous 
blood  sampled  immediately  prior  to  exposure. 

Before  exposure  and  up  to  24  h  (48  h  at  50 
ppm)  following  exposure,  the  subject  was  asked 
to  empty  the  bladder  completely.  After  measur¬ 
ing  the  urine  volume  the  urine  samples  were 
analyzed  in  the  same  way  as  the  blood  samples. 
Standards  were  prepared  using  urine  voided 
before  exposure. 

2.5.  Symptoms  questionnaire 

At  certain  time  intervals  the  subject  was  asked 
to  answer  a  short  questionnaire  with  10  questions 
related  to  symptoms  of  central  nervous  system 
effects  (headache,  fatigue,  feeling  of  sickness, 
dizziness  and  intoxication),  smell,  difficulty  to 
breath,  and  irritation  of  the  eyes,  nose  and 
throat.  Answers  were  given  on  a  100-mm  visual 
analog  scale  graded  from  ‘not  at  all’  to  ‘almost 
unbearable’  [10].  Scorings  were  made  on  eight 
occasions,  prior  to,  during,  and  up  to  4  h  after 
exposure. 

2.6.  Eye  effects 

Blinking  frequency  was  monitored  by  counting 
the  number  of  blinkings  in  3  min  on  video 
recordings  made  before,  five  times  during  expo¬ 
sure,  and  twice  after  exposure. 

Eye  redness  was  scored  according  to  Kjaer- 
gaard  [10]  by  assessing  the  degree  of  injection  in 
the  bulbar  conjunctiva.  Scoring  was  made  on 
diapositives  so  that  the  examinator  was  unaware 
of  the  exposure  conditions.  Eye  photographs 
were  taken  on  the  day  prior  to  exposure  (day  0), 
before  and  after  exposure  on  day  1  and  on  days  2 
and  3. 

Tear  film  stability  was  assessed  by  measuring 
the  tear-film  break  up  time  after  instilling 
fluorescein  into  the  lower  conjunctival  sac  [11]. 
Tear  film  stability  was  also  estimated  by  record¬ 
ing  the  self  reported  tear-film  break-up  time,  i.e. 
the  time  from  the  last  blinking  until  the  subject 


recognizes  the  sensation  of  a  dry  spot  in  the  eye 
[12].  Break-up  times  were  measured  once  on  day 
0,  before,  during  and  after  exposure  on  day  1  and 
on  days  2  and  3. 

Epithelial  damage  of  the  cornea  and  conjun¬ 
ctiva  was  assessed  by  staining  dead  and  degener¬ 
ated  cells  of  the  ocular  surface  with  Lissamine 
green  [11,13].  Vital  staining  was  carried  out  once 
daily,  at  days  0,  1  (4  h  after  exposure),  and  2. 

2.7.  Nasal  effects 

Nasal  and  mouth  peak  expiratory  flow  (PEF) 
rates  were  compared  to  obtain  the  blocking 
index,  a  measure  of  nasal  airway  resistance  [14]. 
The  blocking  index  (BI)  was  calculated  as: 

BI  =  (mouth  PEF  -  nasal  PEF) /mouth  PEF 

Nasal  swelling  was  also  assessed  by  estimating 
nasal  volume  and  smallest  nasal  cross-sectional 
area  by  acoustic  rhinometry  [15].  Nasal  swelling 
was  investigated  before,  directly  after,  and  up  to 
24  h  after  exposure. 

Markers  of  nasal  inflammation  were  studied  in 
nasal  lavage  (5  ml  room  tempered,  sterile,  phys¬ 
iological  saline).  The  following  parameters  were 
studied  in  the  nasal  lavage:  cell  count 
(leukocytes,  erythrocytes,  epithelial  cells),  eosin¬ 
ophilic  cationic  protein,  myeloperoxidase, 
lysozyme,  and  albumin.  The  values  were  calcu¬ 
lated  both  with  and  without  volume  correction 
for  differences  in  fluid  recovery  in  the  lavage. 
Nasal  lavages  were  made  on  days  0,  1  (before 
and  after  exposures),  2,  and  3. 

Questionnaires  and  PEF  measurements  were 
carried  out  at  all  exposure  levels  and  acoustic 
rhinometry  at  25  and  5  ppm.  The  other  effect 
parameters  were  only  studied  at  50  ppm. 

2.8.  Statistical  evaluation 

Individual  blood  levels  of  MTBE  were  fitted  to 
the  analytical  expression  of  linear  pharmacoki¬ 
netic  four-compartment  model,  with  zero  order 
order  input.  Optimization  was  made  by  mini¬ 
mizing  the  unweighted  sum  of  squares  using 
Microsoft  Excel  4.0  and  the  Solver  add-in  macro 
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on  a  Macintosh  computer.  The  decay  curves  of 
MTBE  in  urine  and  TBA  in  blood  and  urine 
were  fitted  to  mono-  and  biexponential  functions, 
respectively,  again  with  the  use  of  Solver. 

Indicators  of  acute  effects  were  analyzed  by 
the  repeated  measurements  analysis  of  variance 
(ANOVA)  with  the  use  of  Superanova  1.11  on 
Macintosh.  A  P-value  of  0.05  was  choosen  as  the 
level  of  significance. 


3.  Results  and  discussion 

3.1.  Partition  coefficients 

The  measured  partition  coefficients  are  given 
in  Table  1.  The  values  are  comparable  to  those 
of  other  solvents,  such  as  diethyl  ether  and 
toluene.  The  blood /air  partition  coefficients  of 
between  12  and  18  indicate  efficient  uptake  from 
inhaled  air  as  well  as  excretion  via  exhaled  air. 
The  somewhat  higher  oil /air  partition  coeffi¬ 
cients  of  120-340  suggest  a  7-  to  20-fold  accumu¬ 
lation  in  fatty  tissues  compared  to  blood.  In 
contrast,  the  very  high  blood /air  partition  coeffi¬ 
cient  of  TBA  of  460  suggests  that  this  metabolite 
is  not  excreted  via  the  lungs  to  any  appreciable 
extent.  The  low  oil /blood  coefficient  of  0.36 
suggests  that  TBA  is  preferentially  distributed  in 
body  water. 

3.2.  Toxicokinetics 

During  exposure  to  MTBE  vapor  at  5  ppm  the 
concentration  of  MTBE  in  blood  increased 
rapidly  and  appeared  to  reach  a  plateau  value  of 


Table  1 

Liquid /air  partition  coefficients  determined  in  vitro  at  37°C 
(summarized  from  [7]) 


X  a 

Ablood/air 

Tvatcr/air 

T)il  /air 

1  b 

^oil/blood 

MTBE 

17.7 

15.2 

120 

6.8 

ETBE 

11.7 

8.3 

190 

16.2 

TAME 

17.9 

11.9 

337 

18.8 

TBA 

462 

603 

167 

0.36 

a  Pooled  blood  from  five 

men  and  five 

women. 

6  Calculated  as  Aoi„b]ood  = 

Tjil/air^blood/a 

if 

Fig.  1.  Methyl  tertiary  butyl  ether  in  blood  sampled  from  10 
male  volunteers  during  and  after  expoure  to  5,  25,  and  50 
ppm  MTBE  for  2  h.  Vertical  lines  indicate  ±one  standard 
deviation. 


approximately  1.3  yiunol/1  towards  the  end  of  the 
2-h  exposure  (Fig.  1).  During  exposure  to  25  and 
50  ppm,  blood  MTBE  levelled  off  but  plateaus 
were  not  reached.  The  blood  levels  at  the  end  of 
these  exposure  levels  were  approximately  6.5  and 
13  /zmol/1,  respectively.  Toxicokinetic  parame¬ 
ters  for  MTBE  are  given  in  Table  2.  The  appar¬ 
ent  variability  in  relative  respiratory  uptake  (32- 
42% )  and  the  amount  exhaled  post-exposure 
(20-33%  of  inhaled  amount)  may  be  due  to  the 
limited  time  intervals  of  about  5  min  each  during 
which  exhaled  air  samples  were  collected.  Post¬ 
exposure  decay  in  blood  could  be  separated  into 
three  phases  with  half  lives  of  approximately  10 
min,  1.5  h,  and  19  h.  In  urine,  two  half  lives  of  20 
min  and  3  h  were  identified.  As  little  as  0.1%  of 
the  inhaled  amount  was  excreted  unchanged  in 
urine  in  24  h.  The  toxicokinetic  calculations 
indicate  that  the  clearance  of  exhalation  is  nearly 
as  high  as  clearance  of  metabolism. 

In  contrast  to  MTBE,  blood  TBA  continued  to 
increase  during  the  2-h  MTBE  exposure,  then 
levelled  off  and  started  to  decline  about  6  h  later 
(Fig.  2).  The  post-exposure  half  life  in  blood  (10 
h)  was  similar  to  that  in  urine  (7-9  h)  (Table  3). 
The  slower  elimination  of  TBA  suggests  that  this 
metabolite  is  more  suitable  than  MTBE  itself  as 
a  biological  exposure  marker.  Less  than  1%  of 
the  absorbed  dose  of  MTBE  was  excreted  as 
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Table  2 

Toxicokinetic  descriptors  of  MTBE  ( n  =  10) 
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Nominal  exposure  level  (ppm) 


5 

25 

50 

Relative  uptake  (%) 

42 

32 

41 

Exhaled  post-exposure  (%) 

29 

33 

20 

Exhalatory  clearance  (l/min) 

0.30 

0.42 

0.31 

Metabolic  clearance  (l/min) 

0.47 

0.43 

0.65 

tl/2  in  blood,  1st  phase  (min) 

12.2 

9.6 

8.6 

2nd  phase  (h) 

1.5 

1.6 

1.4 

3rd  phase  (h) 

21 

20 

17 

Excreted  in  urine  in  24  h  (%  of  inhaled) 

0.11 

0.09 

0.11 

/1/2  in  urine,  1st  phase  (min) 

16 

21 

22 

2nd  phase  (h) 

3.1 

3.0 

3.1 

Time  (h) 


Fig.  2.  TBA  in  blood  sampled  from  10  male  volunteers 
during  and  after  exposure  to  25  and  50  ppm  MTBE  for  2  h. 
Vertical  lines  indicate  ±one  standard  deviation. 


Table  3 

Toxicokinetic  descriptors  of  TBA  upon  exposure  to  MTBE 
(mean  ±  S.D.,  n  =  10) 


Nominal  exposure  level  (ppm) 

5 

25 

50 

t1/2  in  blood  (h) 

- 

10.1 

10.2 

tl/2  in  urine  (h) 

- 

8.9 

7.4 

Excreted  in  24  h 

0.51 

0.77 

0.55 

(%  of  inhaled) 

TBA  in  urine  within  24  h.  This  low  percentage 
may  indicate  further  metabolism  of  TBA,  as 
previously  shown  in  rats  [5]. 

The  area  under  the  concentration  time  curves 
(AUC)  of  MTBE  as  well  as  TBA  in  blood  were 


0  10  20  30  40  50 


Exposure  level  (ppm) 

Fig.  3.  Area  under  the  concentration-time  curve  (AUC)  of 
MTBE  and  TBA  in  blood  versus  exposure  concentration  of 
MTBE.  Vertical  lines  indicate  ±one  standard  deviation. 


linearly  related  to  the  MTBE  exposure  level 
(Fig.  3),  suggesting  that  the  toxicokinetics  are 
linear  up  to  at  least  50  ppm. 

3.3.  Acute  effects 

With  the  exception  of  the  rating  of  solvent 
smell  and  nasal  blocking  index,  none  of  the 
measurements  of  acute  effects  differed  signifi¬ 
cantly  from  control  levels  and  no  effect  over  time 
or  with  increasing  exposure  level  was  seen.  The 
subjective  rating  of  solvent  smell  increased 
dramatically  as  the  volunteers  entered  the 
chamber,  and  then  declined  slowly  with  time 
during  exposure.  In  addition,  the  rating  of  sol- 
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vent  smell  increased  with  increasing  exposure 
level.  These  effects  were  highly  significant  in 
repeated  measures  ANOVA  (R-values  of  0.0001 
and  0.001,  respectively),  illustrating  the  potential 
of  the  questionnaire  to  pick  up  symptoms.  Block¬ 
ing  index,  an  indicator  of  nasal  swelling,  in¬ 
creased  over  time  during  exposure  (P  =  0.03), 
but  no  exposure-response  relationship  was  seen, 
indicating  that  MTBE  was  not  the  cause.  The 
observed  increase  in  blocking  index  over  time 
may  be  caused  by  factors  related  to  the  exposure, 
such  as  the  bicycle  exercise  or  diurnal  variations. 
The  nasal  swelling  observed  by  PEF  measure¬ 
ments  could  not  be  confirmed  by  acoustic 
rhinometry  at  25  and  5  ppm. 
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Abstract 

Government  specifications  on  the  oxygen  content  of  motor  gasoline  sold  in  certain  areas  of  the  USA  have 
resulted  in  commercialization  of  the  oxygenate  fuel  additives  tertiary  amyl  methyl  ether  (TAME)  and  ethyl  tertiary 
butyl  ether  (ETBE).  TAME  and  ETBE  were  evaluated  in  4-week  rat  inhalation  studies  sponsored  by  Amoco 
Corporation.  Target  vapor  concentrations  were  0,  500,  2000,  or  4000  ppm  for  6  h  per  day,  5  days  per  week,  for  4 
weeks.  TAME  exposure  at  4000  ppm  resulted  in  25%  mortality,  apparently  as  a  consequence  of  severe  CNS 
depression.  Body  weight  gain  was  decreased  in  the  TAME  high  dose  male  rats.  In  contrast,  no  ETBE  exposed 
animals  died  during  the  study  and  no  changes  in  body  weight  gain  were  observed.  Significant  effects  on  functional 
observational  battery  (FOB)  parameters  were  only  found  in  the  TAME  high  and  mid-dose  groups  immediately 
after  exposure.  All  affected  FOB  parameters  were  normal  by  the  next  day.  Both  TAME  and  ETBE  exposures 
significantly  increased  relative  liver  weights  in  the  high  and  mid-dose  groups.  However,  no  treatment-related 
histopathologic  findings  were  noted  for  either  compound.  Clinical  chemistry  and  hematology  findings  were  absent 
with  ETBE  exposure  and  minimal  with  TAME  exposure.  The  results  indicate  that  500  ppm  was  a  NOAEL  for  both 
compounds  in  these  studies. 

Keywords:  ETBE;  TAME;  MTBE;  Oxygenate 


1.  Introduction 

The  1990  Amendments  to  the  USA  Clean  Air 
Act  (CAA)  required  increased  fuel  oxygen  con¬ 
tent  in  gasoline  sold  in  certain  areas  of  the 
country.  Starting  in  1992,  areas  that  failed  to 
meet  the  National  Ambient  Air  Quality  Stan¬ 
dard  (NAAQS)  for  carbon  monoxide  had  to  use 
gasoline  containing  a  minimum  of  2.7  wt.% 
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oxygen  during  the  winter.  This  oxygen  require¬ 
ment  was  the  only  change  in  the  gasoline  specifi¬ 
cations.  This  type  of  gasoline  has  been  referred 
to  as  ‘wintertime  oxygenated  gasoline.’  Starting 
in  1995,  nine  metropolitan  areas  that  failed  to 
meet  the  NAAQS  for  ozone  had  to  use  gasoline 
containing  2.0%  oxygen  year  round.  However, 
the  oxygen  content  was  not  the  only  gasoline 
specification  change  required.  In  addition,  the 
benzene  concentration  had  to  be  below  1.0  wt.%, 
the  maximum  allowable  fuel  vapor  pressure  was 
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reduced,  and  the  gasoline  had  to  provide  15- 
25%  reductions  in  ‘air  toxics’  emissions.  This 
type  of  gasoline  is  referred  to  as  Federal  ‘re¬ 
formulated  gasoline’  or  RFG.  Gasoline  that  is 
sold  in  areas  where  these  fuel  specifications  do 
not  apply  is  referred  to  as  ‘conventional’ 
gasoline. 

The  chemicals  blended  with  gasoline  hydro¬ 
carbons  to  meet  the  required  oxygen  content  of 
the  fuel  are  referred  to  as  ‘oxygenates.’  In  the 
USA,  the  oxygenates  used  most  often  are  methyl 
tertiary  butyl  ether  (MTBE)  and  ethanol.  They 
currently  comprise  over  90%  of  the  market.  Two 
other  oxygenates  whose  use  may  increase  are 
tertiary  amyl  methyl  ether  (TAME)  and  ethyl 
tertiary  butyl  ether  (ETBE).  The  chemical  struc¬ 
tures  of  TAME  and  ETBE  are  shown  in  Fig.  1. 

TAME  is  manufactured  from  isoamylene  and 
methanol  feedstocks.  The  principle  source  of 
isoamylene  is  the  C5-olefin  stream  from  a  crude 
oil  refining  process  called  fluid  catalytic  cracking. 
The  C5  stream  from  this  process  would  normally 
go  into  gasoline.  TAME  manufacturing  provides 
a  refinery  with  a  way  to  reduce  the  gasoline 

CH3 

I 

ETBE  CH3  -C-0-CH2  -CH3  Ethyl  Tertiary 

I  Butyl  Ether 

CH3 


ch3 

I 

TAME  CH3  -CH2-C-0-CH3  Tertiary  Amyl 

I  Methyl  Ether 

CH3 

Fig.  1.  Chemical  stuctures  of  TAME  and  ETBE. 


vapor  pressure,  reduce  the  light  olefin  content  of 
gasoline,  and  create  a  high  octane  gasoline 
blending  component  (Table  1).  However  similar 
benefits  could  also  be  obtained  by  using  the 
C5-olefins  in  the  refinery’s  hydrocarbon  alkyla¬ 
tion  process.  The  decision  to  build  TAME  manu¬ 
facturing  capacity  is  significantly  influenced  by 
the  regulatory  mandate  requiring  oxygenates  in 
gasoline. 

ETBE  is  the  ethyl  analog  of  MTBE.  In  many 
cases,  current  manufacturers  of  MTBE  could 
produce  ETBE  by  changing  the  alcohol  feed¬ 
stock  and  re-optimizing  the  production  process. 
The  low  vapor  pressure  and  high  octane  of 
ETBE  make  it  a  good  gasoline  blending  com¬ 
ponent  (Table  1).  However,  the  high  cost  of 
ethanol  compared  to  methanol  limits  the  amount 
of  ETBE  produced  commercially.  Whether  sig¬ 
nificant  amounts  of  ETBE  are  ever  produced  will 
depend  on  regulatory  decisions  including  tax 
subsidies  and  possible  mandatory  use  of  ‘renew¬ 
able’  oxygenates. 

2.  General  methods 

The  4-week  inhalation  toxicity  studies  on 
TAME  [1]  and  ETBE  [2]  described  in  this  paper 
were  sponsored  by  Amoco  Corporation  and 
performed  by  IIT  Research  Institute.  Abstracts 
of  this  work  have  been  presented  previously 
[3,4]. 

Both  studies  on  TAME  and  ETBE  used 
Sprague-Dawley  rats  approximately  9-11  weeks 
of  age.  Ten  animals  per  sex  per  dose  were  used 
for  ETBE  and  14  per  sex  per  dose  for  TAME. 
For  both  materials  the  test  duration  was  6  h  per 
day,  5  days  a  week,  for  4  weeks.  The  exposures 
were  conducted  in  1  cubic  meter  glass  and 


Table  1 

Comparison  of  physical  properties  of  TAME,  ETBE  and  MTBE 


Boiling 
point,  °F 

Blending 

vapor  pressure,  psi 

Blending 
octane  No. 

Water 

solubility  (%) 

Estimated  Henry’s 
Law  constant 

TAME 

187 

2 

105 

1.2 

23 

ETBE 

163 

4 

111 

1.2 

50 

MTBE 

131 

8 

110 

4.3 

30 
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stainless  steel  chambers  and  the  test  material 
concentrations  within  each  chamber  were  mea¬ 
sured  by  infrared  (IR)  analysis.  Target  exposure 
concentrations  were  500,  2000,  and  4000  ppm. 
All  rats  were  observed  at  least  once  daily,  7  days 
a  week.  Body  weights  were  measured  at  the 
initiation  of  the  study,  weekly  during  the  expo¬ 
sure,  and  immediately  before  termination  of  the 
animal.  For  all  quantitative  parameters,  the  data 
were  analyzed  using  both  multivariate  and  uni¬ 
variate  two-factor  fixed-effects  analyses  of  vari¬ 
ance.  Quantal  data  for  functional  observational 
battery  (FOB)  parameters  were  analyzed  using 
chi-square.  A  minimum  significance  level  of  P  < 
0.05  was  used  in  all  comparisons. 


3.  Neurotoxicity  assessment 

In  addition  to  daily  observation  for  general 
toxicity,  the  studies  on  TAME  and  ETBE  in¬ 
cluded  an  FOB  to  evaluate  neuromuscular  func¬ 
tion  and  sensory  perception.  The  FOB  was 
performed  1  week  prior  to  the  first  exposure  and 
after  1,  5,  or  20  exposures.  All  ETBE-exposed 
animals  were  evaluated  approximately  1  h  after 
the  end  of  exposure.  Four  TAME-exposed  ani¬ 
mals  were  examined  approximately  1  h  after  the 
end  of  exposure  and  10  animals  were  examined 
the  following  morning  in  each  exposue  group. 
The  FOB  consisted  of  an  evaluation  of  the 
following  parameters:  Tail  Pinch,  Rotorod  Per¬ 
formance,  Body  Temperature,  Righting  Reflex, 
Auditory  Response,  Hindlimb  Extension,  Foot 
Splay,  Grip  Strength,  Home-Cage  Observation, 
Hand-Held  Observation,  Open-Field  Observa¬ 
tion,  Extensor  Thrust,  Catalepsy,  Visual  Placing, 
Tactile  Placing,  Negative  Geotaxis,  Vision,  Eye- 
blink,  and  Pupil  Response. 


4.  Clinical  laboratory  measurements 

All  rats  were  fasted  for  approximately  18  h 
following  the  final  exposure  to  TAME  or  ETBE 
and  anesthetized  with  sodium  pentobarbital. 
Blood  samples  were  obtained  for  the  following 
serum  chemistry  and  hematology  parameters: 


Glucose,  Creatine  Kinase,  Alanine  Aminotrans¬ 
ferase,  Aspartate  Aminiotransferase,  Alkaline 
Phosphatase,  Urea  Nitrogen,  Sodium,  Potassium, 
Chloride,  Total  Protein,  Triglyceride,  Choles¬ 
terol,  Albumin,  Creatinine,  Erythrocyte  Count, 
Hemoglobin,  Mean  Corpuscular  Volume,  Platelet 
Count,  Total  and  Differential  Leukocyte  Count. 


5.  Postmortem  and  histopathology  assessments 

Necropsies  were  performed  on  all  ETBE  ex¬ 
posed  rats  and  10  of  the  TAME-exposed  rats. 
The  following  tissues  were  weighed  and  fixed  in 
10%  neutral  buffered  formalin:  Brain,  Adrenal 
Glands,  Gonads,  Heart,  Kidneys,  Liver,  Lungs, 
and  Spleen.  Approximately  31  other  tissues  were 
also  collected  and  fixed  at  necropsy.  Only  those 
tissues  from  the  high  exposure  and  control 
groups  were  processed  for  histological  examina¬ 
tion. 


6.  Results 

Mortality  in  the  rats  exposed  to  4000  ppm 
TAME  was  the  most  striking  difference  between 
TAME  and  ETBE  observed  in  these  studies. 
Seven  of  the  24  animals  in  the  TAME  high-dose 
group  died  on  test  (four  female  and  three  male 
rats).  No  rats  exposed  to  4000  ppm  ETBE  died 
during  that  study. 

The  deaths  were  apparently  due  to  severe 
central  nervous  system  depression.  Clinical  ob¬ 
servations  in  both  the  2000  and  4000  ppm 
TAME-exposed  groups  included  sedation,  coma, 
ataxia,  coldness  to  touch,  ptosis,  hyperirritability, 
hypoactivity  and  effects  on  posture.  The  inci¬ 
dence  and  severity  of  effects  were  greater  in  the 
high  dose  animals.  Rats  exposure  to  4000  ppm 
ETBE  had  much  milder  signs  but  appeared  to  be 
sedated  and  displayed  mild  to  moderate  ataxia 
during  exposure.  The  ETBE-exposed  animals 
appeared  normal  15  min  after  the  end  of  expo¬ 
sure. 

The  FOB  assessment  confirmed  the  clinical 
observations.  TAME-exposed  animals  evaluated 
1  h  after  exposure,  especially  the  4000  ppm 


722 


R.D.  White  et  al.  I  Toxicology  Letters  82183  (1995)  719-724 


Table  2 

Relative  organ  weights3  from  a  4-week  inhalation  toxicity  study  of  ETBE  or  TAME  in  male  rats 


Organ 

Control 

500  ppm 

2000  ppm 

4000  ppm 

ETBE 

Fasted  BW  (g) 

355  ±  23.8 

353  ±  15.8 

358  ±  24.2 

358  ±  18.9 

Liver 

2.86  ±  0.21 

2.84  ±0.15 

2.96  ±0.21 

3.32  ±  0.25* 

Kidneys 

0.77  ±0.10 

0.77  ±  0.03 

0.81  ±  0.05 

0.86  ±0.10 

Adrenals 

0.015  ±  0.001 

0.014  ±0.002 

0.014  ±  0.002 

0.016  ±  0.002 

TAME 

Fasted  BW  (g) 

427  ±  34.3 

427  ±  23.1 

426  ±  16.4 

367  ±28.1* 

Liver 

3.13  +  0.17 

3.28  ±  0.49 

3.61  ±0.19* 

3.90  ±  0.29* 

Kidneys 

0.81  ±  0.07 

0.80  ±  0.07 

0.89  ±  0.07 

0.90  ±  0.06* 

Adrenals 

0.015  ±  0.002 

0.017  ±0.003 

0.017  ±0.002 

0.020  ±  0.002* 

Testes 

0.83  ±0.10 

0.80  ±  0.05 

0.83  ±  0.08 

1.00  ±0.07* 

Lungs 

0.36  ±  0.02 

0.38  ±  0.02 

0.39  ±  0.09 

0.42  ±  0.03* 

Brain 

0.52  ±  0.04 

0.52  ±  0.02 

0.50  ±  0.03 

0.56  ±  0.03* 

Data  are  mean  ±  standard  deviation,  10  rats/group;  n  = 1  for  4000  ppm  TAME-treated  group. 
a  Relative  organ  weight  =  (organ  weight  (g)/fasted  body  weight  (g))  X100. 

*  Significantly  different  from  controls,  P  ^  0.05. 


group,  displayed  reductions  in  tail  pinch  re¬ 
sponse,  righting  reflex  and  negative  geotaxis, 
along  with  reduced  body  temperature,  impaired 
rotorod  performance  and  increased  hindlimb 
splay.  The  signs  of  CNS  depression  were  absent 
in  animals  examined  18  h  after  the  end  of 
exposure.  In  animals  exposed  to  4000  ppm 
ETBE,  the  only  FOB  changes  were  reduced 
body  temperature  in  males  after  the  fifth  expo¬ 
sure  and  a  significant  trend  in  hindlimb  splay  in 
males  and  females. 

Body  weight  gain  was  significantly  reduced 
only  in  male  rats  exposed  to  4000  ppm  TAME 


(Table  2).  Mean  body  weight  in  this  group  after 
4  weeks  of  exposure  was  14%  below  control 
animals.  No  other  TAME-  or  ETBE-treated 
groups  demonstrated  differences  in  body  weight 
(Table  3). 

Exposure  to  4000  ppm  TAME  or  ETBE 
caused  an  increase  in  relative  liver  weights  in 
males  and  females  (Tables  2,  3).  Females  also 
had  increased  relative  liver  weights  at  2000  ppm, 
as  did  males  exposed  to  TAME.  Differences 
between  TAME  and  ETBE  were  most  evident  in 
the  high  dose  males  in  which  TAME-exposed 
animals  had  relative  increases  in  adrenal,  kid- 


Table  3 

Relative  organ  weights3  from  a  4-week  inhalation  toxicity  study  of  ETBE  or  TAME  in  female  rats 


Organ 

Control 

500  ppm 

2000  ppm 

4000  ppm 

ETBE 

Fasted  BW  (g) 

215  ±9.5 

210  ±3.2 

211  ±3.5 

209  ±  8.3 

Liver 

2.80  ±0.17 

2.93  ±0.10 

3.08  ±  0.22* 

3.15  ±0.24* 

Kidneys 

0.77  ±  0.07 

0.81  ±  0.06 

0.81  ±  0.05 

0.80  ±  0.05 

Adrenals 

0.027  ±  0.004 

0.027  ±  0.005 

0.027  ±  0.003 

0.029  ±  0.003 

TAME 

Fasted  BW  (g) 

224  ±  10.3 

221  ±  13.0 

217  ±  14.3 

216  ±  13.4 

Liver 

2.88  ±0.17 

3.03  ±  0.23 

3.14  ±0.15* 

3.58  ±  0.22* 

Kidneys 

0.81  ±0.07 

0.80  ±  0.06 

0.83  ±  0.05 

0.85  ±  0.05 

Adrenals 

0.028  ±  0.003 

0.027  ±  0.004 

0.028  ±  0.002 

0.032  ±0.001* 

Data  are  mean  ±  standard  deviation,  10  rats/ group;  n  =  1  for  4000  ppm  TAME-treated  group. 
"  Relative  organ  weight  =  (organ  weight  (g)/fastcd  body  weight  (g))  X100. 

*  Significantly  different  from  controls,  P  ^  0.05. 


R.D.  White  et  al.  /  Toxicology  Letters  82/83  (1995)  719-724 


723 


neys,  testes,  brain,  and  lung  weights.  This  group 
also  had  a  significantly  reduced  body  weight 
unlike  any  other  treatment  group. 

No  treatment-related  histopathologic  findings 
were  noted  for  either  compound.  Clinical 
chemistry  and  hematology  findings  were  absent 
with  ETBE  treatment  and  minimal  with  TAME. 
Increased  serum  cholesterol  was  found  in  both 
male  rats  (at  2000  and  4000  ppm)  and  female  rats 
(4000  ppm)  exposed  to  TAME.  The  4000  ppm 
males  also  had  reduced  serum  triglycerides.  A 
single  male  rat  in  the  4000  ppm  TAME  group 
had  an  increase  in  serum  alanine  aminotransfer¬ 
ase  (ALT).  This  animal  also  displayed  multifocal 
hepatocellular  necrosis  that  can  be  associated 
with  elevated  ALT.  The  significance  of  this 
finding  is  unclear  as  this  occurred  in  only  one  of 
the  seven  animals  examined.  (Three  animals  had 
died  on  test  due  to  CNS  depression.) 


7.  Discussion 

The  major  findings  from  the  4- week  inhalation 
toxicity  studies  on  TAME  and  ETBE  were:  (1) 
TAME  caused  mortality  and  significantly  more 
CNS  depression  than  ETBE;  (2)  neither  com¬ 
pound  caused  lasting  changes  in  FOB  parame¬ 
ters;  (3)  both  compounds  caused  increased  rela¬ 
tive  liver  weights  without  histopathology  or  func¬ 
tional  changes;  (4)  the  NOAEL  in  both  studies 
was  500  ppm. 

The  mortality  observed  with  TAME  at  4000 
ppm  was  unexpected  because  a  13-week  inhala¬ 
tion  study  with  MTBE  had  been  conducted  with 
concentrations  up  to  8000  ppm  without  any 
mortality  [5].  Strain  differences  could  have  a  role 
as  the  MTBE  study  used  Fischer  344  rats.  How¬ 
ever,  a  28-day  oral  toxicity  study  with  TAME  [6] 
reported  20%  compound-related  mortality  in 
Sprague-Dawley  rats  in  the  high  dose  group  of  1 
g/kg.  These  deaths  were  also  attributed  to  cen¬ 
tral  nervous  system  depression  as  there  were  no 
gross  or  histopathology  changes  to  indicate  or¬ 
gan-specific  tissue  injury. 

Subchronic  inhalation  studies  with  TAME, 
ETBE,  and  MTBE  have  all  found  increased 
relative  liver  weights  in  rats  exposed  to  4000 


ppm.  However,  subchronic  oral  studies  with 
TAME  or  MTBE  [7]  did  not  cause  an  increase  in 
relative  liver  weight  at  doses  up  to  1  g/kg.  The 
reason  for  this  difference  is  unknown.  Further 
studies  on  the  pharmacokinetics  and  metabolism 
of  these  ethers  are  necessary  to  address  this 
issue. 

The  13-week  inhalation  study  with  MTBE 
found  increased  kidney  and  adrenal  weights  that 
were  not  seen  in  the  present  4-week  ETBE 
study.  The  metabolism  of  ETBE  should  be 
similar  to  MTBE.  O -Dealkylation  of  MTBE  and 
ETBE  will  result  in  the  same  metabolite,  t-butyl 
alcohol.  The  different  aldehydes  produced  by 
this  metabolic  step  are  unlikely  to  distinguish 
them  toxicologically.  The  differences  in  biologi¬ 
cal  responses  observed  between  ETBE  and 
MTBE  could  be  due  to  the  different  strain  of  rat 
tested,  the  length  of  the  study,  or  differences  in 
the  pharmacokinetics  of  the  parent  compound. 

The  major  metabolite  of  TAME  is  likely  to  be 
t-amyl  alcohol.  A  90-day  inhalation  toxicity  study 
on  t-amyl  alcohol  was  done  in  CD-I  mice, 
Fischer  344  rats,  and  beagle  dogs  [8].  At  1000 
ppm,  6  h/day,  for  5  days/week,  male  rats  and 
dogs  had  increased  absolute  and  relative  liver 
weights.  Both  species  showed  signs  of  central 
nervous  system  depression  at  that  concentration. 
Blood  measurements  showed  that  the  excretion 
of  t-amyl  alcohol  was  saturated  at  the  1000  ppm 
exposure  concentration.  Mice  however  had  no 
signs  of  CNS  depression,  no  organ  weight 
changes,  and  even  at  exposure  concentrations  of 
1000  ppm  rapidly  excreted  the  alcohol  (r1/2  =  29 
min).  This  study  on  t-amyl  alcohol  again  points 
out  the  importance  of  understanding  the  pharma¬ 
cokinetics  and  metabolism  of  these  ethers  in 
order  to  make  sound  risk  assessment  conclusions. 

Another  important  factor  in  evaluating  the 
health  risks  of  oxygenates  is  the  concentration 
and  duration  of  human  exposure.  Human  expo¬ 
sure  to  all  these  ethers  will  come  primarily  from 
refueling  or  other  activities  associated  with 
gasoline  containing  these  ethers.  The  lower 
vapor  pressures  of  TAME  and  ETBE  make 
measurements  of  MTBE  exposures  a  reasonable 
upper  bound  for  the  other  ethers.  Quantitative 
studies  on  exposure  have  found  concentrations 
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of  MTBE  in  the  breathing  zone  of  people  filling 
cars  to  be  <1-4  ppm  [9].  Studies  done  to  assess 
the  odor  threshold  of  these  ethers  in  gasoline 
vapor  found  that  these  ethers  gave  the  gasoline  a 
distinctive,  typically  unpleasant,  and  more  readi¬ 
ly  detectable  odor  [10].  The  odor  thresholds  for 
the  ether-gasoline  blends  were  15-80%  lower 
than  gasoline  alone.  This  could  be  an  important 
factor  in  understanding  the  reaction  that  some 
individuals  experience  when  refueling  with  oxy¬ 
genated  gasoline. 

Additional  toxicology  studies  on  TAME  and 
ETBE  are  necessary  to  understand  the  potential 
health  risks  for  these  ethers.  Recently,  several 
manufacturers  of  TAME  signed  an  Enforceable 
Consent  Agreement  with  the  EPA  to  conduct 
such  studies  [11].  Over  the  next  3  years  more 
data  on  TAME’s  pharmacokinetics  and  metabo¬ 
lism,  genetic  toxicity,  reproductive  and  develop¬ 
mental  effects,  and  subchronic  toxicity  will  be¬ 
come  available. 
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Abstract 

Public  perception  of  the  value  of  chemicals  in  daily  life  depends  on  an  often  irrational  set  of  conclusions  reached 
on  partial  or  defective  information  often  derived  from  single  issue  pressure  groups.  Benefits  are  consistently 
undervalued,  clean  water  and  uncontaminated  food  are  taken  for  granted  and  changes  in  the  pattern  of  disease  are 
assumed  to  have  occurred  as  a  result  of  other  kinds  of  intervention.  If  we  are  to  ensure  a  proper  evaluation  of  the 
place  of  chemicals  in  our  lives  then  we  will  have  to  persuade  opinion  formers  of  the  need  for  rational  debate, 
inform  the  scientifically  literate  part  of  the  population  about  hazard,  risk,  the  difficult  concept  of  safety  and  the 
dangers  of  mistaking  association  for  causation.  Changes  in  science  in  the  field  of  toxicology  give  us  a  more 
reasonable  ground  for  this  debate  than  has  existed  in  the  past  and  the  way  in  which  these  can  be  exploited  will  be 

discussed. 

Keywords:  Chemical  exposure;  Safety;  Reproduction;  Pesticide;  Neoplasia 


1.  Introduction 

In  a  day  at  home  with  a  notepad,  monitoring 
simple  tasks  in  obtaining  and  preparing  food, 
cleaning,  caring  for  children  or  the  elderly  or 
repairing  defects  in  the  structures  which  seem 
constantly  to  collapse  about  us,  it  becomes  evi¬ 
dent  that  we  depend  heavily  on  the  use  of  a  large 
number  of  chemicals.  To  provide  the  data  for 
appropriate  human  risk /benefit  analysis  follow¬ 
ing  the  potential  exposure  to  these  chemicals  we 
have  sought  clues  from  epidemiology,  studied  the 
effects  of  controlled  or  accidental  exposures  or 
used  bioassays  of  various  kinds.  Uncertainties  in 
extrapolations  from  bioassays  in  particular  have 
fuelled  concerns  about  adverse  effects  of  chemi¬ 
cals  in  the  public  mind.  However,  advances  in 
our  understanding  of  the  processes  which  may  be 
disturbed  by  these  exposures  now  permit  differ¬ 


ent  approaches;  as  widely  operating  mechanisms 
affecting  fundamental  cellular  changes  become 
more  transparent,  risk /benefit  analyses  of  great¬ 
er  rigour  may  be  made.  In  this  way  the  in¬ 
appropriate  nature  of  some  traditional  extrapola¬ 
tions  becomes  clear,  but  new  uncertainties,  some 
related  to  individual  genetic  profiles,  become 
apparent.  It  is  a  statement  of  the  obvious  that  in 
the  selection  of  hazards  for  evaluation,  public 
opinion  will  (and  should)  be  influential  but  as 
knowledge  grows  the  need  for  an  informed 
debate  becomes  a  greater  imperative  and  elusive 
concepts  such  as  safety  are  greater  and  greater 
obstacles  to  rational  progress.  I  believe  that  we 
have  benefited  from  our  use  of  chemicals  and 
that  we  can  improve  the  pay-off  with  time  -  how 
can  we  persuade  others  of  this?  A  major  problem 
is  the  differing  perspectives  which  we  all  have  - 
let  us  start  with  safety. 
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2.  Safety 

It  is  difficult  to  decide  what  we  mean  by  ‘safe’. 
Siddall  [1]  defined  it  in  the  following  way:  “Safe¬ 
ty  is  the  degree  to  which  temporary  ill  health  or 
injury,  or  chronic  or  permanent  ill  health  or 
injury,  or  death  are  controlled,  avoided,  pre¬ 
vented,  made  less  frequent  or  less  probable  in  a 
group  of  people”.  The  concept  of  a  group  is 
enormously  important.  Responsibility  for  the 
prevention  of  malaria  gives  you  a  different  per¬ 
spective  on  DDT  than  the  one  you  hold  if  you 
look  after  birds  of  prey.  There  is  a  tendency  to 
ignore  the  consequences  of  ‘negative’  regulatory 
actions  but  a  ban  on  the  use  of  herbicides  which 
resulted  in  the  use  of  more  labour  and  machinery 
would  probably  have  an  adverse  outcome  in 
terms  of  farm  workers  health;  61  people  were 
killed  on  farms  in  the  United  Kingdom  in  1989, 
mostly  by  machinery.  How  do  you  evaluate  the 
risks /benefits  of  fruit  and  vegetables  in  a  diet, 
the  effect  of  yields  on  their  costs  and  consump¬ 
tion,  the  existence  of  natural  toxicants  in  some 
untreated  foods,  the  benefit  of  additives  in  pre¬ 
venting  free  radical  production  -  and  all  these  in 
terms  of  the  individual?  I  believe  we  must  take  a 
different  approach. 

If  we  begin  from  the  human  rather  than  the 
experimental  end  of  things  we  can  consider  some 
real  problems.  Lice  of  several  varieties,  bed  bugs, 
fleas,  mites  and  ticks  all  spread  disease  in  man. 
Leave  aside  the  self-induced  problem  of  trekking 
holidays  and  Rocky  Mountain  spotted  fever  and 
consider  the  day-to-day  problem  of  head  lice. 
These  insects  are  commonly  found  in  schools; 
most  parents  will  have  had  to  deal  with  them. 
The  conventional  (and  effective)  treatment  is  to 
shampoo  the  hair  with  a  preparation  containing 
y-hexachlorocyclohexane  (HCH)  but  concerns 
about  the  use  of  this  compound  as  Lindane  in 
remedial  wood  treatment  in  the  home  have  lead 
to  newspaper  articles  suggesting  links  between 
exposure  and  various  blood  dyscrasias,  notably 
aplastic  anaemia  [2].  The  Advisory  Committee 
on  Pesticides  (ACP)  of  the  United  Kingdom  has 
examined  published  and  unpublished  accounts  of 
cases  with  apparent  association  of  ill  health  and 
HCH  exposure  and  has  found  no  evidence  of 


linkage;  examination  of  a  number  of  large  aplas¬ 
tic  anaemia  registries  has  failed  to  show  an 
association  of  the  disease  with  pesticide  exposure 
[3].  It  is  interesting  to  note  how  this  question  has 
been  treated  by  the  media,  with  emphasis  on 
case  reports,  often  without  verification  of  expo¬ 
sure  (something  which  is  very  difficult  to  do  - 
think  of  Agent  Orange)  and  with  causation 
assumed  for  widely  disparate  clinical  syndromes 
of  differing  pathogenesis  including  aplastic 
anaemia,  Hodgkin‘s  disease,  paralysis  and  epi¬ 
lepsy.  Curiously,  and  in  my  view  typically,  these 
effects  are  generally  attributed  to  very  low  expo¬ 
sures  of  the  kind  which  might  obtain  in  a  house 
treated  by  professionals  or  to  transiently  high 
exposures  in  a  DIY  exponent.  The  effects  of  the 
much  greater  exposures  from  anti-louse  treat¬ 
ments  or  to  agricultural  operators  where  the 
compound  is  used  as  a  spray  have  been  largely 
ignored.  They  are  seen  by  the  public  as  being 
somehow  different,  just  as  therapy  is  seen  to 
differ  from  passive  exposure. 

These  problems  lead  us  to  consider  that  a 
more  rational  approach,  requiring  a  better  un¬ 
derstanding  of  mechanism  and  process,  is  what  is 
required.  It  will  be  a  long  haul,  but  we  must 
inform  those  who  may  influence  the  future, 
including  teachers  and  non-science  graduates.  It 
is  worth  considering  how  we  might  argue  in 
particular  areas  of  concern. 

3.  Reproductive  effects 

The  significance  of  particular  events  is  always 
clearer  in  retrospect  but  it  is  clear  that  for  many 
the  Thalidomide  tragedy  altered  thinking  about 
chemicals  in  our  environment.  Damage  to  the 
embryo  and  fetus  is  a  major  concern  to  the 
public  and  has  sometimes  led  to  irrational  con¬ 
cerns  (about  radiation,  for  example). 

It  is  not  reasonable  to  expect  a  profound 
understanding  of  the  mechanisms  of  embryo- 
genesis  in  the  population  at  large.  The  idea  of 
the  existence  of  a  blueprint  in  the  genes  allowing 
the  construction  of  an  embryo  has  persisted  since 
the  early  days  of  experimental  embryology  and  is 
still  found  in  the  minds  of  many  biologists.  No 
such  plan  exists;  epigenetic  factors  are  of  great 
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significance  and  an  extraordinary  parsimony  ex¬ 
ists  in  the  use  of  a  number  of  basic  processes  in 
building  the  embryo  [4].  That  such  a  complex 
process  ever  goes  to  successful  completion  is 
surprising  only  if  you  believe  in  plans;  the  estab¬ 
lishment  of  a  complex  body  form  and  the  control 
of  the  necessary  processes  depends  on  a  limited 
number  of  highly  conserved  mechanisms;  an 
observation  which  itself  suggests  the  evolution¬ 
ary  difficulty  of  establishing  them  and  one  which 
is  reinforced  by  the  fact  that  fetal  loss  remains 
the  commonest  outcome  of  fertilization.  The 
conservative  nature  of  the  developmental  pro¬ 
cess  is  evident  from  the  use  of  identical  mecha¬ 
nisms  of  control  in  most  of  the  Animalia.  The 
reasons  for  this  are  explored  elsewhere  [4,5]  but 
if  relatively  few  mechanisms  are  involved  then 
our  capacity  to  ensure  they  are  not  disturbed  by 
xenobiotics  increases  and  the  way  in  which  this 
approach  might  be  enhanced  can  now  form  part 
of  our  planning. 

Some  of  the  mechanisms  are  explicable  in 
general  terms  and  the  examples  given  allow  us  to 
inform  people  about  the  relative  importance  of 
risks  in  this  field.  Better  definition  of  the  way  in 
which  the  genes  influence  development  tell  us 
something  of  what  processes  may  be  affected  by 
what  classes  of  compound  -  data  we  already 
have  for  the  process  of  carcinogenesis. 


4.  Neoplasia 

Firstly,  there  are  some  myths  to  be  dispelled. 
Cancer  is  essentially  a  disease  of  the  elderly; 
more  than  two-thirds  of  human  tumours  occur  in 
individuals  over  65  years  of  age.  The  tumours  are 
not  randomly  distributed  among  cell  types  - 
some  are  clearly  more  susceptible  than  others.  It 
should  not  be  supposed  that  cells  in  cancers  are 
fundamentally  different  from  normal  cells;  cells 
in  tumours  possess  no  properties  not  possessed 
by  certain  normal  cells  and  their  growth  rates  are 
comfortably  exceeded  by  many  epithelial  and 
bone  marrow  cells.  No  tumour  grows  as  fast  as 
the  normal  conceptus.  With  the  exception  of  the 
increase  in  lung  cancer  in  women  and  in  skin 
cancer  (for  which  there  are  good  explanations) 


age-corrected  rates  for  neoplasms  are  not  chang¬ 
ing. 

The  autonomous  cell  proliferation  which  char¬ 
acterizes  neoplasia  may  be  due  to  the  removal  of 
a  growth  inhibitory  gene  product  or  the  induc¬ 
tion  of  a  specifically  determined  growth  rate 
advantage  in  a  cell  lineage.  Growth  factors  which 
are  vital  in  early  development  of  the  conceptus 
are  produced  by  genes  (proto-oncogenes)  which 
if  altered  can  overproduce  normal  gene  product 
or  altered  product  with  disastrous  consequences 
for  the  organism  (oncogenes).  Highly  conserved 
mechanisms  of  DNA  repair  exist  and  to  prevent 
this  type  of  damage  and  interference  with  repair 
may  have  catastrophic  consequences  -  as  seen  in 
the  disease  xeroderma  pigmentosum.  In  many 
human  tumours  in  genetically  normal  individuals, 
genes  involved  in  DNA  repair  and  monitoring 
are  altered.  An  important  part  of  the  process  is 
the  gene  p53  altered  in  more  than  half  of  all 
human  tumours  and  in  more  than  80%  of  cases 
in  some  neoplasms.  p53,  a  cell  cycle-related 
DNA  binding  protein  which  regulates  transcrip¬ 
tion,  acts  as  a  tumour  suppressor  gene  and  in 
many  human  tumours  one  allele  is  mutant  and 
the  other  deleted  [6].  The  gene  product  acts  as  a 
cell  cycle  check  point  leading  to  5-phase  delay  in 
cells  with  genetic  damage  thus  allowing  more 
time  for  DNA  repair  before  changes  are  fixed  by 
the  next  cell  division  [7].  Levels  of  p53  appear  to 
be  regulated  by  differential  gene  expression  as 
well  as  at  the  post  transcriptional  level  and  there 
is  evidence  for  a  particular  role  for  this  gene  in 
differentiation;  it  has  been  shown  that  its  level  of 
expression  in  fetal  mice  is  not  well  correlated 
with  cell  proliferation  but  up-regulation  of  p53 
gene  expression  may  be  necessary  to  inhibit  cell 
cycle  progression  and  to  allow  terminal  differen¬ 
tiation  at  many  sites  [7]. 

This  is  an  example  of  specific  information 
related  to  particular  tumour  types,  others  will  be 
illustrated.  These  advances  in  our  basic  under¬ 
standing  have  facilitated  the  evaluation  of  the 
role  of  human  exposure  to  chemicals  in  carcino¬ 
genesis  in  a  different  way;  we  now  know  where 
to  look  for  damage.  The  covalent  binding  of 
chemicals  or  their  reactive  metabolites  to  DNA 
produces  adducts  and  the  extent  of  formation  of 
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these  adducts  is  closely  correlated  with  on¬ 
cogenicity;  as  an  example,  the  differences  in 
oncogenicity  between  isomers  of  2,4-  and  2,6- 
dinitrotoluene  can  be  correlated  with  the  extent 
of  adduct  formation,  the  particular  adducts 
formed  and  their  persistence  [8].  The  methodolo¬ 
gy  of  searching  for  adducts  -  currently  time 
consuming  and  technically  demanding  -  is 
becoming  more  accessible  and  the  examination 
of  readily  available  and  readily  sampled  proteins 
such  as  haemoglobin  offers  a  field  of  study  which 
may  provide  useful  population-based  data. 

But  we  are  further  ahead  in  managing  disease. 
Detailed  accounts  of  the  genetic  changes  in  colon 
cancer,  a  major  cause  of  death  in  most  developed 
countries  [9],  have  led  to  so  much  better  an 
understanding  of  the  chronology  of  events  as  to 
give  rise  to  proposals  for  prevention  by  once- 
only  sigmoidoscopy  at  55-60  years  with  sub¬ 
sequent  surveillance  for  the  3-5%  of  individuals 
found  to  have  high-risk  lesions  [10].  The 
rationale  is  that  the  sequence  of  events  (6 — 7) 
necessary  to  produce  large  bowel  cancer  will  not 
have  time  to  occur  in  individuals  if  early  changes 
are  present  at  60  years.  The  savings  over  the 
currently  recommended  faecal  blood /endoscopy 
regime  every  3-5  years  are  of  major  significance 
for  the  health  service,  but  the  knowledge  base  on 
which  they  depend  should  certainly  influence 
regulators. 

5.  Exposure  data 

A  difficulty  in  dealing  with  possible  human 
exposure  levels  to  low-dose  toxicants,  natural  or 
synthetic,  is  that  we  have  relatively  little  useful 
information  on  real  intakes;  those  data  we  have 
pose  more  problems  than  they  resolve.  The  idea 
of  food-related  risks  at  the  ‘acceptable’  one  in  a 
million  level  seems  to  me  to  be  to  be  a  poor  basis 
for  reassuring  the  public  because  it  is  based  on 
such  poor  data  -  in  any  case  these  are  not 
properly  quantified  risks  but  expressions  of 
mathematical  concepts.  Ranking  of  relative  risks 
may  be  more  helpful  in  this  respect  and  gets  us 
away  from  the  problem  of  extrapolation  from 
effects  produced  at  high  dose  in  animals  to 
predictions  about  effects  occurring  at  a  low 


frequency  in  man.  This  is  a  major  stumbling 
block;  you  will  all  be  familiar  with  the  pervasive 
concept  that  if  an  effect  is  produced,  in  animals, 
at  some  large  multiple  of  the  human  dose  then 
there  is  probably  a  linear  relationship  of  dose 
and  effect  that  ensures  that  no  dose  is  safe  for 
man.  This  is  rarely  true,  and  at  small  doses 
becomes  improbable  -  yet  it  appears  to  be 
accepted  by  many  groups  despite  the  fact  that 
most  of  us  accept  a  threshold  concept  of  dose/ 
effect  relationships  -  how  many  of  the  public 
would  volunteer  to  have  an  operation  after  1/ 
10th  of  the  normal  dose  of  anaesthetic,  much  less 
1/ 100th  or  1/ 1000th?  It  is  hard  to  get  the  public 
to  accept  that  there  can  be  a  dose  of  a  chemical 
which  is  without  effect  where  clear  toxicity  has 
been  demonstrated  at  high  dose,  despite  some 
obvious  examples. 

Intakes  and  exposures  are  evaluated  different¬ 
ly  when  related  to  naturally  occurring  substances 
and  synthetic  materials.  We  also  accept  different 
standards  of  proof  in  regulatory  matters;  herbal 
remedies  do  not  have  to  satisfy  the  same  strin¬ 
gent  criteria  demanded  of  conventional 
medicines.  This  is  a  matter  of  convenience  and 
usage,  but  it  has  its  dangers  in  this  and  other 
fields  -  some  naturally  occurring  food  supple¬ 
ments  have  proved  to  be  dangerous  (see,  for 
example,  [11]). 

6.  Conclusions 

Much  of  the  concern  which  the  public  has 
about  chemical  exposure  is  irrational.  Benefits 
are  consistently  undervalued,  many  significant 
exposures  are  ignored,  safe  water,  uncontami¬ 
nated  food,  properly  preserved  food  and  drink 
are  taken  for  granted  and  the  role  of  chemicals  in 
the  production  of  clothing,  furniture,  paints, 
kitchen  utensils,  glass,  paper  and  protection 
against  pests  are  ignored.  Better  science  provides 
better  information,  better  protection  against  ac¬ 
cidental  injury  and  hopefully  a  more  rational 
debate.  However,  it  is  for  the  protagonists  of 
science  to  defend  its  value  and  those  who  deal 
with  the  public  will  know  that  we  are  at  a 
disadvantage.  Credibility  must  be  earned  by 
consistency  in  the  defence  of  rational  argument. 
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Abstract 

2,3,7,8-Tetrachlorodibenzo-p-dioxin  (TCDD)  and  related  compounds  bind  to  the  intracellular  aryl  hydrocarbon 
(Ah)  receptor  and  induce  a  diverse  spectrum  of  biochemical  and  toxic  responses.  Ah  receptor  agonists  also 
modulate  several  endocrine  pathways,  and  research  in  several  laboratories  has  shown  that  TCDD  and  related 
compounds  inhibit  estrogen  (E2)-induced  responses  in  the  rodent  mammary  and  uterus  and  in  human  breast  cancer 
cell  lines.  The  mechanisms  of  interaction  between  the  TCDD-  and  E2-induced  signaling  pathways  are  complex  and 
some  of  the  inhibitory  effects  may  be  related  to  5 '-flanking  inhibitory-dioxin  responsive  elements  (i-DREs)  in  target 
genes.  The  antiestrogenic  and  antitumorigenic  activity  of  Ah  receptor  agonists  has  been  used  to  prepare  a  series  of 
relatively  non-toxic  alkyl  polychlorinated  dibenzofurans  which  have  clinical  potential  for  treatment  of  mammary 
cancer. 

Keywords:  TCDD;  Ah  receptor;  Antiestrogenicity 


1.  Introduction 

Synthetic  organochlorine  compounds  such  as 
1 ,1  ,l-trichloro-2,2-bis(  p-chlorophenyl) ethane  ( p- 
,p'~ DDT),  kepone,  other  organochlorine  pesti¬ 
cides  and  polychlorinated  biphenyls  (PCBs)  were 
widely  used  industrial  chemicals  for  diverse  ap¬ 
plications.  In  the  1960s,  it  was  recognized  that 
many  of  these  compounds  were  highly  persistent 
in  the  environment  and  preferentially  bioconce¬ 
ntrated  in  the  food  chain.  Moreover,  there  was 
evidence  suggesting  that  organochlorine  pollu¬ 
tants,  such  as  DDT  and  related  compounds, 
PCBs  and  other  halogenated  aromatics  including 
the  polychlorinated  dibenzo-p -dioxins  (PCDDs) 


*  Corresponding  author.  Tel.:  +1  409  845  5988;  fax:  + 1  409 
862  4929. 


and  dibenzofurans  (PCDFs),  may  contribute  to 
reproductive  problems  associated  with  fish  and 
wildlife  populations.  Recognition  of  these  po¬ 
tential  problems  has  resulted  in  modified  pro¬ 
duction,  use,  handling  and  disposal  of  most 
organochlorine  compounds  and  outright  banning 
of  chemicals  such  as  PCBs.  p,p'-DDT,  a  widely 
used  insecticide,  is  no  longer  used  in  first-world 
industrial  nations;  however,  this  compound  is  still 
used  for  insect  control  in  some  countries.  Not 
surprisingly,  levels  of  most  persistent  organoch¬ 
lorine  pollutants  are  decreasing  in  fish,  wildlife 
and  human  populations,  and  this  correlates  with 
increased  reproduction  in  some  wildlife  species 
in  industrial  areas  such  as  the  Great  Lakes  region 
in  North  America  [1]. 

Recent  articles  have  discussed  the  potential 
role  of  organochlorine  environmental  contami- 
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nants  and  other  industrial  compounds  as  ‘endo¬ 
crine  disrupters’  and  their  role  in  wildlife  re¬ 
production  [2,3]-  It  has  been  hypothesized  that 
many  of  these  same  compounds  may  play  a  role 
in  the  increased  incidence  of  male  reproductive 
problems  and  breast  cancer  in  women  [4,5].  The 
validity  of  these  hypotheses  has  been  questioned 
[6]  and  further  research  is  required  to  delineate 
the  role  of  organochlorine  contaminants  on 
human  health.  The  term  ‘endocrine  disrupter’ 
may  be  confusing  since  almost  all  chemical 
substances  at  some  dose  will  disrupt  one  or  more 
endocrine  pathways.  Most  of  the  organochlorine 
compounds  which  have  been  described  as  ‘endo¬ 
crine  disrupters’  are  hormone  or  antihormone 
mimics  that  modulate  endocrine  signaling  path¬ 
ways.  For  example,  several  halogenated  hydro¬ 
carbons  bind  with  moderate  to  weak  affinity  to 
the  estrogen  receptor  (ER)  and  these  include 

o, pf-  DDT,  kepone,  methoxychlor,  several 
cyclodiene-derived  insecticides,  and  hydroxy 
PCBs  (reviewed  in  [2,3,5]).  These  compounds  are 
all  ER  agonists  and  induce  a  broad  spectrum  of 
ER-mediated  responses.  In  recent  collaborative 
studies  (with  T.  Zacharewski),  we  have  shown 
that  some  hydroxy-PCBs  are  also  partial  ER 
antagonists.  A  recent  study  [7]  reported  that 
l,l-dichloro-2,2,-bis(p-chlorophenyl)ethylene  (- 

p, p'-DDE)  bound  to  the  androgen  receptor; 
however,  both  in  vivo  and  in  vitro  studies  with 
p,p'~ DDE  showed  that  this  compound  is  an 
androgen  receptor  antagonist.  Halogenated  aro¬ 
matics  also  bind  to  other  proteins  involved  in 
endocrine  response  pathways;  hydroxylated 
PCBs,  PCDDs  and  PCDFs  bind  to  transthyretin, 
the  major  thyroxine  transport  protein  in  rats  [8], 
and  it  has  been  suggested  that  other  halogenated 
biphenyls  and  diphenylethers  may  bind  proteins 
involved  in  thyroid  hormone  action  [9]. 

2,3 , 7, 8-Tetrachlorodibenzo-/? -dioxin  (TCDD) 
and  related  halogenated  aromatics  are  industrial 
by-products  which  have  also  been  detected  in  the 
environment.  These  compounds  induce  a  diverse 
spectrum  of  biochemical  and  toxic  responses  in 
laboratory  animals  and  mammalian  cells  in  cul¬ 
ture  [10,11].  Poland  and  coworkers  [12]  first 
characterized  the  hepatic  cytosolic  aryl  hydro¬ 
carbon  (Ah)  receptor  binding  protein  in  C57BL/ 


6  mice  and  subsequent  studies  have  identified 
this  protein  in  both  TCDD-responsive  and  non- 
responsive  tissues  and  organs.  The  mechanism  of 
action  of  Ah  receptor-mediated  responses  has 
been  extensively  investigated  and  the  essential 
steps  in  this  mechanism  have  been  derived  from 
initial  studies  on  induction  of  CYP1A1  gene 
expression  [12-16].  The  unbound  cytosolic  Ah 
receptor  complex  is  associated  with  heat  shock 
protein  (hsp)  90  and  initially  binds  to  TCDD 
forming  a  270-  to  300-kDa  complex.  This  com¬ 
plex  undergoes  loss  of  hsp  90  to  form  a  nuclear 
heterodimer  with  the  Ah  receptor  nuclear  trans¬ 
locator  protein  (Arnt);  the  interaction  of  this 
complex  with  distal  enhancer  sequences  or  diox¬ 
in /xenobiotic  responsive  elements  (DREs/ 
XREs)  results  in  transactivation  of  the  CYP1A1 
gene.  The  induction  of  other  Ah  receptor-me¬ 
diated  responses  may  also  incorporate  a  similar 
mechanism;  however,  it  is  clear  that  many  other 
factors  also  regulate  the  age-,  sex-,  strain-  and 
species-specific  effects  observed  for  TCDD  and 
related  compounds.  Based  on  gene  cloning  ex¬ 
periments  [17-19],  the  Ah  receptor  and  Arnt 
proteins  have  been  identified  as  members  of  the 
basic  helix-loop-helix  family  of  nuclear  proteins 
and  are  the  only  members  of  this  family  which 
are  ligand-induced  transcription  factors  (LTFs). 
It  should  also  be  noted  that  the  endogenous 
ligand  for  the  Ah  receptor  is  unknown. 

2.  TCDD  and  related  compounds  -  interactions 
with  other  endocrine  response  pathways 

TCDD  and  related  halogenated  aromatic  hy¬ 
drocarbons  bind  to  the  Ah  receptor  and  their 
affinity  for  other  hormone  receptors  has  not  been 
reported.  Nevertheless,  TCDD  and  other  Ah 
receptor  agonists  disrupt  many  other  endocrine 
response  pathways  and  these  effects  may  play  an 
important  role  in  development  of  Ah  receptor- 
mediated  toxic  responses  (reviewed  in  [20]).  For 
example,  it  has  been  shown  in  laboratory  animal 
studies  that  TCDD  alters  thyroid  hormone  levels 
in  rodents,  decreases  testicular  and  adrenal  ster- 
oidgenesis,  modulates  ACTH-induced  responses 
in  rats,  decreases  melatonin  levels  in  rats  and 


S.  Safe  /  Toxicology  Letters  82/83  (1995)  731-736 


733 


levels  of  several  steroid  hormone  receptors  in¬ 
cluding  the  estrogen  and  glucocorticoid  receptor. 
TCDD  also  decreases  epidermal  growth  factor 
(EGF)  receptor  in  several  target  organs/cells 
and  modulates  expression  of  cytokines  and 
growth  factors  which  play  a  role  in  several 
endocrine  response  pathways.  The  effects  of 
TCDD  and  related  compounds  on  reproduction 
have  been  extensively  documented  [21],  and  it  is 
likely  that  Ah  receptor-mediated  modulation  of 
endocrine  response  pathway  plays  a  role  in  these 
and  other  toxic  responses.  The  mechanisms  asso¬ 
ciated  with  these  induced  toxicities  are  currently 
unknown. 


3.  Ah  receptor-mediated  inhibition  of  estrogen 
(E2)-induced  responses 

Kociba  and  coworkers  [22]  first  reported  that 
in  long-term  feeding  studies  with  TCDD,  there 
was  a  dose-dependent  decrease  in  spontaneous 
mammary  and  uterine  tumors.  Subsequent 
studies  by  Gallo,  Gierthy,  Safe  and  coworkers 
demonstrated  that  TCDD  inhibited  several  17/3- 
estradiol  (E2)-induced  responses  in  the  rodent 
mammary  and  uterus  and  in  human  breast  cancer 
lines  [23-26]  (Table  1).  TCDD  inhibited  age- 
dependent  formation  of  mammary  tumors  and 
growth  of  7,12-dimethylbenz[a]-anthracene 
(DMBA)-induced  mammary  tumors  in  female 
Sprague-Dawley  rats  and  mammary  tumor 


growth  in  immunosuppressed  B6D2F1  mice 
bearing  MCF-7  cell  xenografts  and  treated  with 
E2. 

TCDD  also  inhibited  the  following  E2-reg- 
ulated  responses  in  female  Sprague-Dawley  rat 
uteri:  cytosolic  and  nuclear  ER  and  PR  binding; 
peroxidase  activity;  EGF  receptor  binding  and 
mRNA  levels;  and  c -fos  protooncogene  mRNA 
levels.  Some  of  the  same  E2-induced  responses 
were  also  inhibited  in  mouse  uteri.  The  anties¬ 
trogenic  activities  of  TCDD  and  related  Ah 
receptor  agonists  have  been  extensively  investi¬ 
gated  in  ER-positive  MCF-7  and  T47D  human 
breast  cancer  cell  lines  and  inhibition  of  the 
following  E2-induced  responses  have  been  re¬ 
ported  (Table  1):  cell  proliferation;  postconfluent 
focus  production;  secretion  of  tissue  plasminogen 
activator  activity,  34-  (cathepsin  D),  52- 

(procathepsin  D)  and  160-kDa  proteins;  PR 
binding  and  immunoreactive  protein;  glucose-lac¬ 
tate  conversion;  cathepsin  D,  pS2  and  PR  mRNA 
levels.  TCDD  also  inhibited  growth  factor-in¬ 
duced  cell  proliferation  in  these  same  cells  [20]. 
Mechanistic  studies  suggest  that  formation  of  the 
nuclear  Ah  receptor  is  required  for  TCDD-in- 
duced  antiestrogenicity  and  these  inhibitory  re¬ 
sponses  can  be  observed  in  the  absence  of 
induced  E2-metabolism.  Fig.  1  illustrates  several 
possible  mechanisms  associated  with  the  anties¬ 
trogenic  effects  of  Ah  receptor  agonists  and 
these  include:  direct  interaction  between  the 
nuclear  Ah  receptor  and  cis- acting  genomic 


Table  1 

Antiestrogenic  activity  of  TCDD  and  related  compounds  in  the  rodent  and  human  breast  cancer  cell  lines 

Response 

A.  Rodent  mammary  tumors  Inhibition  of  spontaneous  mammary  tumor  formation  in  Sprague-Dawley  rats 

Ilnhibition  of  transplanted  tumor  growth  in  athymic  nude  mice 
Inhibition  of  DMBA-induced  tumor  growth  in  rat 

B.  Rodent  uterus  Inhibition  of  E2-induced  uterine  wet  weight  peroxidase  activity  and  progesterone 

receptor  (PR)  binding 

Inhibition  of  E2-induced  EGF  receptor  and  for  mRNA  levels 
Downregulation  of  uterine  ER  levels 

C.  Human  breast  cancer  cell  lines  Inhibition  of  E2-induced  proliferation  and  postconfluent  focus  production 

Inhibition  of  E2-induced  secreted  proteins  (cathepsin  D,  procathepsin  D,  t-plasminogen 

activator,  pS2,  160-kDa  protein 

Inhibition  of  E2-induced  PR,  lactate  dehydrogenase 

Inhibition  of  E2-induced  gene  expression  (PR,  pS2,  cathepsin  D) 

ER  downregulation  _ 
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Fig.  1.  Inhibition  of  E2-induced  pathways  by  TCDD  and 
related  compounds. 


sequences  in  flanking  regions  of  E2-regulated 
(pathway  1)  and/or  growth  factor-regulated 
genes  (pathways  4  and  5),  induction  of  trans¬ 
acting  factors  or  proteins  (M)  which  facilitate 
degradation  of  the  nuclear  ER  (pathway  2),  or 
inhibition  of  E2/ mitogen-induced  proliferation 
of  breast  cancer  cells  (pathways  3  through  5). 
Induced  metabolism  of  E2  (pathway  2')  also 
plays  a  role  by  decreasing  cellular  E2  levels. 

Recent  studies  in  this  laboratory  have  investi¬ 
gated  the  molecular  biology  of  E2-induced 
cathepsin  D  gene  transcription  and  inhibition  of 
this  response  by  TCDD  and  related  Ah  receptor 
agonists  in  breast  cancer  cell  lines  [25],  E2-in- 
duced  secretion  of  procathepsin  D,  increased 
intracellular  levels  of  this  protein,  and  induced 
cathepsin  D  mRNA  levels.  The  rate  of  E2-in- 
duced  cathepsin  D  mRNA  levels  was  also  de¬ 
termined  in  nuclear  run-on  assays.  In  MCF-7 
cells  cotreated  with  E2  plus  TCDD,  all  of  the 
E2-induced  responses  were  inhibited.  Moreover, 
in  nuclear  run-on  assays,  the  rate  of  E2-induced 
cathepsin  D  gene  expression  was  significantly 
inhibited  within  30  min  after  addition  of  10  ~ 9  M 
TCDD.  These  results  indicate  that  the  effects 
of  TCDD  are  rapid,  suggesting  that  mechan¬ 
isms  which  involve  induced  gene  transcription 
(Fig,  1,  pathways  2  through  5)  may  not  be  im¬ 
portant.  Subsequent  studies  in  this  laboratory 
[27]  identified  an  ER-Spl-like  sequence 
[GGGCGG(n)23ACGGG]  in  the  non-coding 
strand  of  the  cathepsin  D  promoter  (— 199/  — 
165).  Electromobility  shift  assays  of  nuclear 
extracts  from  MCF-7  and  HeLa  cells  confirm  that 
both  the  ER  and  Spl  proteins  bind  to  '2P-labeled 
ER/Spl  oligonucleotide.  Moreover,  E2  induced 
chloramphenicol  acetyl  transferase  (CAT)  activi¬ 


ty  in  MCF-7  cells  cotransfected  with  a  human  ER 
expression  plasmid  and  a  plasmid  containing  an 
ER/Spl  sequence  cloned  upstream  to  a  thymi¬ 
dine  kinase  promoter  and  a  CAT  reporter  gene. 
In  contrast,  E2  did  not  induce  CAT  activity  in 
MCF-7  cells  transfected  with  plasmids  containing 
mutations  in  the  ER  or  Spl  segments  of  the 
ER/Spl  oligonucleotide,  thus  confirming  that 
both  cognate  binding  sites  are  required  for  E2- 
responsiveness.  Using  the  ER/Spl-CAT  plas¬ 
mids  and  constructs  containing  more  extensive 
5' -flanking  sequences  from  the  cathepsin  D  gene, 
it  was  shown  that  TCDD  inhibited  E2-induced 
reporter  gene  activity  in  transient  transfection 
assays.  Moreover,  in  gel  mobility  shift  assays 
using  extracts  from  MCF-7  cells  treated  with  E2 
plus  TCDD,  it  was  observed  that  within  1  h  after 
addition  of  TCDD,  the  retarded  ER/Spl  band 
was  not  formed.  The  same  effect  was  observed 
after  incubating  nuclear  extracts  from  E2-treated 
cells  with  cytosolic  Ah  receptor  transformed  with 
TCDD.  These  results  suggested  that  the  Ah 
receptor  heterodimer  directly  disrupted  the  ER/ 
Spl  complex.  Zacharewski  and  coworkers  first 
reported  that  an  inhibitory-DRE  (i-DRE)  se¬ 
quence  plays  a  role  in  the  inhibition  of  E2- 
induced  pS2  gene  expression  ([28]  and  unpub¬ 
lished  results).  Subsequent  examination  of  the 
ER/Spl  oligonucleotide  in  the  cathepsin  D  5'- 
region  showed  that  a  GCGCGTG  sequence, 
which  is  an  imperfect  XRE,  was  located  between 
the  ER  and  Spl  genomic  binding  sites.  The 
results  of  several  electromobility  shift  and  tran¬ 
sient  transfection  assays  confirmed  that  this  i- 
DRE  is  responsible  for  the  inhibitions  of  E2- 
induced  cathepsin  D  gene  expression  by  TCDD, 
and  this  represents  a  unique  Ah  receptor-me¬ 
diated  pathway  for  modulating  gene  expression 
and  for  interaction  with  another  endocrine  re¬ 
sponse  pathway. 

Tamoxifen  and  other  antiestrogens  used  for 
treatment  of  breast  cancer  bind  to  the  ER  and 
inhibit  E2-induced  responses  primarily  through 
interactions  with  this  receptor.  In  contrast,  Ah 
receptor  agonists  are  antiestrogenic  via  inter¬ 
action  between  two  different  signaling  pathways. 
Research  in  this  laboratory  has  focused  on  de¬ 
velopment  of  Ah  receptor  agonists  with  potential 
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for  clinical  treatment  of  mammary  cancer.  6- 
Methyl-l,3,8-trichlorodibenzofuran  (MCDF)  and 
related  6-alkyl  substituted  analogs  were  original¬ 
ly  synthesized  for  investigating  their  activities  as 
partial  Ah  receptor  antagonists.  MCDF  competi¬ 
tively  bound  with  moderate  affinity  to  the  cyto¬ 
solic  Ah  receptor  but  was  a  relatively  weak 
agonist  for  several  Ah  receptor-mediated  bio¬ 
chemical  and  toxic  responses  including  induction 
of  CYP1A1  and  CYP1A2  in  rats  or  cells  in 
culture;  however,  in  cotreatment  studies  with 
TCDD,  MCDF  inhibited  TCDD-induced 
CYP1A1,  CYP1A2,  teratogenicity,  porphyria 
and  immunotoxicity  in  a  concentration-,  organ- 
/cell-,  and  species-specific  manner.  In  contrast, 
MCDF  did  not  inhibit  TCDD-induced  anties- 
trogenicity  but  acted  as  an  Ah  receptor  agonist 
for  this  response.  A  comparison  of  the  anties¬ 
trogenic  activity  of  MCDF  and  TCDD  in  the 
female  rat  uterus  showed  that  MCDF  was  ap¬ 
proximately  300-570  times  less  active  than 
TCDD  as  an  antiestrogen  [29].  In  contrast, 
MCDF  was  relatively  non-toxic  in  the  rat  and, 
based  on  enzyme  induction  studies,  TCDD  was 
>158  000  times  more  potent  than  MCDF.  Similar 
results  were  observed  in  breast  cancer  cell  lines 
indicating  that  MCDF  and  related  compounds 
were  relatively  non-toxic  for  the  typical  Ah 
receptor-mediated  toxic  responses  but  were  rela¬ 
tively  active  as  antiestrogens  [30].  Preliminary 
studies  indicate  that  MCDF  inhibits  growth  of 
DMBA-induced  mammary  tumors  in  the  female 
Sprague-Dawley  rat  and  further  research  on  the 
antitumorigenic  activity  of  MCDF  and  related 
alkyl  PCDFs  is  in  progress. 
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Abstract 

Effluent  from  sewage-treatment  works  entering  British  rivers  contains  an  estrogenic  chemical,  or  mixture  of 
chemicals,  that  stimulates  vitellogenin  synthesis  in  male  fish.  If  the  effluent  constitutes  a  significant  proportion  of 
the  flow  of  the  river,  lengthy  stretches  of  entire  rivers  can  be  estrogenic  to  fish.  The  chemical,  or  chemicals, 
responsible  for  this  feminizing  effect  have  not  yet  been  identified.  However,  many  man-made  chemicals  known  to 
be  estrogenic  to  fish  (and  other  vertebrates)  are  present  in  effluent,  although  which  of  these,  if  any,  is  responsible 
for  the  effects  noted  when  caged  fish  are  placed  in  rivers  is  unclear  presently.  In  laboratory  studies,  exposure  to 
estrogenic  alkylphenolic  chemicals  caused  a  reduction  in  the  rate  of  testicular  development  in  trout  undergoing 
sexual  maturation. 

Keywords:  Estrogenic  chemicals;  Vitellogenin;  Fish;  Aquatic  ecotoxicology 


1.  Introduction 

Recently  it  was  reported  [1]  that  when  caged 
male  trout  were  placed  in  the  effluent  of  sewage- 
treatment  works,  they  were  induced  to  synthesize 
vitellogenin.  Vitellogenin,  the  precursor  of  yolk, 
is  normally  produced  only  in  females  in  response 
to  estrogens  from  the  ovary.  Male  fish  do  not 
normally  synthesize  vitellogenin  [2],  because  they 
have  very  low  (often  undetectable)  concentra¬ 
tions  of  circulating  estrogens.  However,  male  fish 
respond  to  exogenous  estrogens,  administered  by 
injection  or  via  the  water,  by  synthesizing  vit¬ 
ellogenin  [1,3]  in  the  same  way  that  females  do. 
Thus,  the  presence  of  vitellogenin  in  the  plasma 
of  male  fish  can  be  used  as  a  biomarker  of 
exposure  to  estrogenic  chemicals  [4]. 

In  the  last  few  years,  considerable  concern  has 
been  expressed  about  consequences  to  wildlife 
and  humans  upon  exposure  to  endocrine-disrupt¬ 


ing  chemicals  [5].  For  example,  it  has  been 
suggested  that  the  developmental  abnormalities 
of  the  gonad  and  abnormal  sex  hormone  con¬ 
centrations  observed  in  juvenile  alligators  from 
Lake  Apopka,  Florida,  were  caused  by  contami¬ 
nation  of  the  lake  by  an  extensive  spill  of 
pesticide  [6].  Our  work  on  fish  appears  to  be  one 
piece  of  a  jigsaw  implicating  various  persistent 
man-made  chemicals  in  disruption  of  the  endo¬ 
crine  system,  which  will  likely  be  manifest  in 
many  ways. 

2.  Estrogenic  activity  in  rivers 

Our  initial  work  [1]  was  concerned  with  ef¬ 
fluent;  caged  male  fish  placed  in  the  effluent  of 
all  sewage-treatment  works  tested,  which  were 
located  throughout  England  and  Wales,  respond¬ 
ed  by  synthesizing  vitellogenin  in  a  very  rapid 
and  pronounced  manner.  The  only  viable  expla- 
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nation  appears  to  be  that  the  effluent  contains  a 
chemical,  or  mixture  of  chemicals,  that  is  es¬ 
trogenic  to  fish. 

The  effluent  from  sewage-treatment  works  can 
constitute  a  significant  proportion  of  the  flow  of  a 
river.  In  some  cases,  particularly  when  slow-flow¬ 
ing  rivers  pass  through  urban  areas  (where  there 
are  often  a  number  of  large  sewage-treatment 
works),  the  effluent  can  contribute  the  majority 
of  the  flow;  figures  as  high  as  80%  or  90%  of  the 
water  in  the  river  coming  from  sewage-treatment 
works  are  reached  in  periods  of  low  rainfall. 
Thus,  it  seemed  possible  that  not  only  neat 
effluent,  but  also  sections  of  some  rivers,  might 
be  estrogenic. 

To  assess  this  possibility,  we  placed  caged  male 
fish  at  various  locations  downstream  of  sewage- 
treatment  works,  left  them  there  for  3  weeks,  and 
then  determined  their  plasma  vitellogenin  con¬ 
centrations.  In  the  rivers  of  high  water  quality, 
the  estrogenic  activity  of  the  effluent  was  lost 
within  a  few  hundred  metres  downstream  of 
where  the  effluent  entered;  that  is,  the  river  itself 
was  to  all  intents  and  purposes  not  estrogenic 
(Harries  et  al.,  unpublished  data).  In  contrast,  in 
rivers  of  low  water  quality,  significant  stretches 
of  river  (many  miles)  were  strongly  estrogenic, 
and  in  one  case  essentially  the  entire  length  of  a 
river  was  estrogenic  (albeit  fairly  weakly  so  in 
most  places)  (Harries  et  al.,  unpublished  data). 

Obviously  the  amount  of  effluent  entering  a 
river,  the  size  of  the  receiving  river,  the  quality  of 
the  effluent,  the  weather  conditions  at  the  time, 
and  probably  also  other  factors,  will  all  influence 
whether  or  not  a  river  is  estrogenic,  and  to  what 
degree.  Nevertheless,  it  is  obviously  the  case  that 
the  problem  of  estrogenic  activity  is  not  confined 
to  effluent  only,  but  extends  to  significant  stret¬ 
ches  of  some  rivers.  The  possible  consequences 
of  this  contamination  to  aquatic  biota  are  dis¬ 
cussed  later. 

3.  Identification  of  estrogenic  chemicals  in  the 
aquatic  environment 

The  effluent  from  all  sewage-treatment  works 
tested  has  been  strongly  estrogenic  to  fish  [1]. 
These  sewage-treatment  works  were  of  different 


types,  and  received  input  of  varying  composition; 
all  received  primarily  domestic  effluent  with 
varying  proportions  of  industrial  effluent  of  (pre¬ 
sumably)  changeable  composition.  Because  all 
effluents  proved  estrogenic,  it  suggests  (but  no 
more)  that  it  is  likely  to  be  the  domestic  part  of 
the  influent  that  is  responsible  for  the  estrogenic 
activity  of  the  effluent;  either  the  domestic  in¬ 
fluent  is  already  estrogenic,  or  it  is  degraded  in 
the  sewage-treatment  works  to  one  or  more 
estrogenic  chemicals. 

There  are  two  distinct  approaches  that  could 
be  taken  when  attempting  to  identify  the  es¬ 
trogenic  chemicals  in  effluent.  One  is  to  make  an 
informed  guess,  based  on  existing  knowledge  of 
what  chemicals  are  estrogenic,  and  then  try  to 
identify  this  chemical  (or  chemicals)  in  effluent. 
The  other  is  to  make  absolutely  no  presumptions 
about  the  identification  of  the  chemical  (or 
chemicals)  responsible,  and  to  search  with  an 
open  mind,  combining  analytical  chemistry  with 
biological  assaying  in  an  attempt  to  isolate  and 
ultimately  identify  the  chemical(s)  responsible 
for  the  estrogenic  effects  on  fish.  We  have  taken 
both  approaches.  Both  ultimately  need  to  be 
followed  up  by  in  vivo  laboratory  experiments, 
where  the  chemical(s)  identified  as  contributing 
to  the  estrogenic  activity  of  effluent  are  tested  to 
ensure  that  they  do,  in  fact,  produce  estrogenic 
effects  in  fish. 

Taking  the  first  approach,  chemicals  known  to 
be  estrogenic  and  present  in  the  aquatic  environ¬ 
ment  include  some  organochlorine  pesticides, 
some  polychlorinated  biphenyls  (PCBs),  some 
alkylphenolic  chemicals,  bisphenol-A,  some 
phthalates,  and  many  natural  and  synthetic  es¬ 
trogens  [7,8].  The  list  of  estrogenic  chemicals 
known  to  be  present  in  the  aquatic  environment 
is  growing  rapidly;  a  recent  report  found  that  half 
of  the  chemicals  selected  randomly  from  a  list  of 
those  known  to  be  present  in  sewage  effluent 
possessed  estrogenic  activity  [9].  As  more  chemi¬ 
cals  are  investigated,  the  number  of  those  shown 
to  possess  estrogenic  activity  is  likely  to  increase; 
this  will  make  it  increasingly  difficult  to  make  an 
informed  guess  as  to  which  chemical(s)  on  the  list 
are  likely  to  be  responsible  for  the  estrogenic 
activity  of  effluent. 
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A  second  problem  associated  with  this  ap¬ 
proach  to  identifying  the  main  estrogenic  chemi¬ 
cals  in  effluent  relates  to  their  estrogenic 
potency.  Essentially  all  of  the  estrogenic  chemi¬ 
cals  known  to  be  present  in  effluent  are  very 
weak  estrogens  (for  example,  nonylphenol  is 
four  or  five  orders  of  magnitude  less  potent  than 
the  natural  estrogen  17/3-estradiol),  and  hence 
they  need  to  be  present  at  reasonable  concen¬ 
trations  (micrograms /litre  or  more)  if  they  are  to 
be  significant  contributors  to  the  overall  es- 
trogenicity  of  effluent.  Such  concentrations  are 
readily  measurable  with  existing  analytical 
chemistry  techniques  [8,10].  The  problems  will 
arrive  if  the  chemical  responsible  for  most  or  all 
of  the  estrogenic  activity  of  effluent  is  not  a 
weakly  estrogenic  one  present  in  reasonable 
concentrations,  but  instead  is  strongly  estrogenic, 
and  hence  would  need  to  be  present  at  only  very 
low  concentrations  to  produce  the  observed 
effects  on  fish.  One  such  possibility  is  ethinyl 
estradiol;  this  is  the  main  active  ingredient  of  the 
oral  contraceptive  pill,  and  hence  theoretically  it 
could  enter  sewage-treatment  works  in  domestic 
effluent.  In  fact,  it  has  been  reported  to  be 
present  in  effluent  and  rivers  at  a  few  nanograms 
per  litre  [11],  although  this  possibility  needs  to  be 
confirmed  by  good  analytical  chemistry.  Ethinyl 
estradiol  is  certainly  a  very  active  estrogen  in  fish 
(as  well  as  mammals);  as  little  as  1  ng/1  causes  a 
rapid  and  pronounced  synthesis  of  vitellogenin  in 
male  fish  [1].  Thus,  only  a  very  low  concentration 
of  ethinyl  estradiol,  or  any  chemical  as  active,  in 
effluent  would  be  required  to  stimulate  vitel¬ 
logenesis  in  exposed  fish.  Such  a  scenario  will  be 
very  difficult  either  to  prove  or  disprove  un¬ 
equivocally;  it  will  require  very  good  analysis  of 
effluent  or  river  water  combined  with  a  sensitive, 
robust  and  precise  technique  to  identify  es¬ 
trogenic  activity. 

To  date,  although  we  know  that  some  chemi¬ 
cals  present  in  effluent  and  rivers  are  estrogenic, 
we  do  not  know  whether  it  is  these  chemicals,  or 
alternatively  as  yet  unidentified  ones,  which 
contribute  most  or  all  of  the  estrogenic  activity 
present  in  the  aquatic  environment.  Thus,  the 
second  approach  described  above  (which  makes 
no  presumptions)  is  probably  the  most  appro¬ 


priate  way  to  identify  the  estrogenic  chemicals  in 
effluent  and  river  water  that  cause  the  biological 
effects.  We  are  presently  taking  such  an  ap¬ 
proach. 

4.  Physiological  effects  of  estrogenic  water  on 
fish 

Estrogens  have  very  diverse  effects;  for  exam¬ 
ple,  besides  their  roles  in  controlling  reproduc¬ 
tion,  they  affect  growth  and  metabolism.  How¬ 
ever,  their  major  roles  are  concerned  with  re¬ 
production,  especially  in  females.  Thus,  in  female 
fish  they  control  the  synthesis  not  only  of  vit¬ 
ellogenin,  but  also  the  egg-shell  proteins  [12]  and 
help  to  regulate  gonadotrophin  secretion  [13].  In 
males,  the  role(s)  of  estrogens  remain  unclear. 

Surprisingly,  in  view  of  the  fact  that  it  appears 
that  estrogens  play  their  major  roles  in  females, 
very  little  attention  appears  to  have  been  di¬ 
rected  so  far  towards  investigating  the  effects  of 
exposure  to  environmental  estrogens  on  any 
aspect  of  physiology  in  female  fish.  In  contrast, 
most  attention  has  been  focused  on  males,  par¬ 
ticularly  with  regard  to  whether  exposure  to 
environmental  estrogens  affects  development  of 
the  testes,  and  hence  sperm  quantity  and  quality. 
Although  relatively  little  information  has  been 
published  to  date,  it  has  been  shown  that  con¬ 
trolled  exposure  to  estrogenic  chemicals  (ethinyl 
estradiol  and  a  number  of  alkylphenolic  chemi¬ 
cals  were  tested)  leads  to  both  vitellogenin 
synthesis  and  attenuated  growth  of  the  testes 
during  sexual  maturation  [3].  The  consequences 
to  male  fish  of  vitellogenin  synthesis  and  its 
accumulation  in  the  blood  are  unknown;  it  may 
be  of  no  consequence,  or  it  may  be  deleterious  - 
certainly  very  high  concentrations  of  vitellogenin 
are  associated  with  kidney  failure  and  increased 
mortality  rates  [14].  It  seems  likely  that  a  re¬ 
duced  rate  of  testicular  growth  would  reduce 
fertility,  but  although  this  seems  obvious,  it  has 
yet  to  be  demonstrated. 

The  limited  results  published  to  date  suggest¬ 
ing  that  exposure  to  estrogenic  chemicals  could 
have  deleterious  consequences  [3]  have  been 
obtained  using  relatively  short  exposure  times  of 
a  few  weeks.  In  the  ‘real  world’,  in  at  least  some 
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situations,  fish  would  be  exposed  throughout 
their  lives  to  estrogenic  chemicals  (albeit  possibly 
at  low  concentrations).  The  consequences,  if  any, 
of  such  prolonged  exposure  are  unknown.  How¬ 
ever,  it  is  wise  to  recall  that  the  issue  of  es¬ 
trogenic  contamination  of  the  aquatic  environ¬ 
ment  was  highlighted  by  the  finding  of  hermap¬ 
hrodite  fish  in  some  British  rivers  [4],  suggesting 
that  there  are  real,  and  important,  consequences 
to  aquatic  biota  when  they  are  exposed  to  water 
containing  endocrine-disrupting  chemicals.  The 
incidence  of  hermaphroditism  in  fish  in  British 
rivers  (or  rivers  anywhere)  is  unknown,  but  is 
being  actively  investigated  presently  in  a  number 
of  countries. 

Hermaphroditism  is  probably  caused  by  expo¬ 
sure  to  endocrine-disrupting  chemicals  at  a  very 
early  stage  in  the  life  cycle  of  a  fish.  Much 
detailed  work,  undertaken  to  produce  monosex 
populations  of  fish  for  the  aquaculture  industry 
[15],  has  demonstrated  that  there  is  a  narrow 
window,  comprising  about  10  days  either  side  of 
hatching,  when  sex  is  labile,  and  exposure  to 
hormones  can  affect  sex  differentiation.  Thus,  it 
is  possible  that  exposure  of  eggs  or  juveniles, 
even  for  a  relatively  brief  period,  to  estrogenic 
chemicals  (or  to  chemicals  which  mimic  other 
steroids,  or  antagonize  them)  at  this  particularly 
sensitive  time  could  modify  subsequent  sexual 
development.  Research  is  underway  to  assess 
whether  exposure  of  eggs  and/or  juveniles  does 
indeed  affect  subsequent  sexual  development. 

5.  Bioaccumulation  of  estrogenic  environmental 
chemicals 

Many  of  the  estrogenic  chemicals  present  in 
the  aquatic  environment  are  hydrophobic,  and 
hence  have  a  strong  tendency  to  bioconcentrate 
and  bioaccumulate  (up  the  food  chain)  in  aquatic 
organisms.  For  example,  the  bioconcentration 
factors  (BCF)  for  many  organochlorine  pesti¬ 
cides,  such  as  DDT,  are  between  1000  and 
100  000.  Similarly,  the  BCF  of  nonylphenol  in 
fish  is  probably  around  300  [16].  This  factor  is 
obviously  extremely  important  when  trying  to 
assess  the  significance  of  contamination  of  the 
aquatic  environment  by  estrogenic  chemicals. 


Whatever  the  concentration  of  a  particular 
chemical  in  the  water,  if  that  chemical  does  not 
enter  the  fish  to  any  significant  extent  (i.e.  the 
BCF  is  much  less  than  1),  then  it  is  extremely 
unlikely  to  cause  any  effects.  In  contrast,  a 
chemical  could  be  present  at  a  very  low  con¬ 
centration,  but  if  it  bioconcentrates  to  a  high 
degree,  then  it  could  be  physiologically  very 
important. 

Further,  not  only  does  one  need  to  know  what 
gets  into  the  fish,  and  to  what  degree,  but  it  is 
also  important  to  know  whether  that  chemical  is 
metabolized  in  the  fish,  to  what,  and  where 
within  the  fish  the  chemical  and  its  metabolite(s) 
are  located.  For  example,  an  estrogenic  chemical 
might  accumulate  in  adipose  tissue  (because 
many  are  lipophilic),  but  not  at  a  concentration 
high  enough  to  exert  any  significant  physiological 
effects.  However,  during  ovarian  development, 
when  lipid  reserves  are  mobilized  and  stored  in 
oocytes,  the  estrogenic  chemical  might  also  be 
mobilized,  and  accumulate  and  concentrate  in 
oocytes.  When  the  oocytes  are  ovulated  and 
fertilized,  the  estrogenic  chemical  would  be  pres¬ 
ent  during  the  critical  period  when  sex  differen¬ 
tiation  occurs. 

The  very  variable  degree  of  bioconcentration 
of  xenobiotics  poses  considerable  problems  when 
attempting  to  identify  the  chemical,  or  chemicals, 
in  effluent  causing  the  ‘feminization’  of  fish.  As 
already  discussed,  a  combination  of  chemical 
analysis  and  bioassay  can  be  used  to  identify  the 
main  estrogenic  chemicals  in  effluent.  However, 
such  an  approach  may  not  necessarily  identify 
the  chemical  that  is  causing  the  effects  in  fish,  if 
this  chemical  contributes  only  a  small  proportion 
of  the  estrogenic  activity  of  the  water,  but  has  a 
very  high  BCF  compared  to  the  other  estrogenic 
chemicals  in  the  water. 

6.  The  ‘mixtures  issue’ 

This  is  a  complex  but  very  important  issue.  It 
is  unlikely  that  fish  (or  any  other  aquatic  biota) 
are  exposed  to  only  one  estrogenic  chemical  at 
any  time;  rather,  the  water  is  likely  to  contain  a 
mixture  of  chemicals  possessing  estrogenic  activi¬ 
ty.  It  is  possible  that  the  effect  of  one  chemical 
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may  be  negated  by  an  antagonistic  effect  of 
another  chemical.  Alternatively,  the  effects  could 
be  cumulative,  or  even  synergistic.  In  an  attempt 
to  begin  addressing  this  issue,  it  has  been  shown 
that  a  mixture  of  different  weakly  oestrogenic 
pesticides  produces  a  greater  effect  than  if  each 
is  tested  individually  [17],  and  likewise  a  mixture 
of  pesticides,  a  plasticizer,  and  alkylphenols  pro¬ 
duced  an  enhanced  estrogenic  effect,  compared 
to  when  each  estrogenic  chemical  was  tested 
individually  [4]. 

The  issue  becomes  more  complex  when  it  is 
realized  that  the  aquatic  environment  is  likely  to 
contain  not  only  estrogenic  chemicals,  but  also 
anti-estrogenic  ones  (some  chemicals  can,  of 
course,  function  as  both  agonists  and  antagonists, 
depending  on  the  circumstances).  Yet  another 
level  of  complexity  is  reached  if  chemicals  that 
act  on  other  steroid  receptors  (such  as  the 
androgen  receptor  or  the  progesterone  receptor) 
are  also  present.  Already  it  has  been  shown  that 
the  major  persistent  metabolite  of  DDT,  p,p’- 
DDE,  is  a  potent  androgen  receptor  antagonist 
[18].  Thus,  whereas  one  metabolite,  o,p'-DDT,  is 
estrogenic,  another  metabolite  is  anti-an¬ 
drogenic.  Many  of  the  chemicals  reported  to  be 
weakly  estrogenic,  such  as  the  alkylphenols,  are 
each  very  heterogeneous  mixtures  of  different 
isomers,  and  hence  it  is  likely  that,  even  within  a 
single  chemical,  different  isomers  will  have  dif¬ 
ferent  effects  via  different  mechanisms. 

7.  The  way  forward 

Despite  the  considerable  amount  of  attention 
devoted  recently  to  the  possible  effects  of  expo¬ 
sure  to  endocrine-disrupting  chemicals  (particu¬ 
larly  estrogenic  chemicals),  there  is,  in  fact, 
presently  very  little,  if  any,  unequivocal  evidence 
that  wildlife  are  being  adversely  affected  by 
exposure  to  such  chemicals.  A  major  priority  is 
to  gather  such  evidence,  if  it  exists;  the  presence 
of  reproductive  problems  in  alligators  in  Florida, 
birds  in  a  number  of  locations  in  the  U.S.  and 
Canada,  and  fish  in  the  UK,  suggests  that  prob¬ 
lems  do  exist.  Identifying  the  causes  of  these 
problems  will  be  very  difficult  (there  may  be 
different  causes  to  different  problems  in  different 


situations).  Collaborations  between  analytical 
chemists  and  physiologists  will  be  required  if 
progress  is  to  be  made.  It  will  be  necessary  to 
identify  not  only  chemicals  of  interest  in  the 
water,  but  also  within  the  animal.  It  will  also  be 
necessary  to  understand  how  these  chemicals  are 
metabolized  within  the  animal  of  interest.  Even 
then,  the  presence  of  numerous  different  chemi¬ 
cals,  with  many  varied  mechanisms  of  action,  will 
make  it  extremely  difficult  to  provide  clear 
answers  to  the  many  questions  being  posed 
presently. 
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Abstract 

Alteration  of  hormones  has  long  been  known  to  affect  development.  TCDD  and  related  PHAHs  modulate  the 
levels  of  many  hormonal  systems.  Dioxins  cause  a  spectrum  of  morphological  and  functional  developmental  deficits. 
Fetotoxicity,  thymic  atrophy,  and  structural  malformations  are  often  noted.  Delayed  genitourinary  tract  effects  have 
been  observed,  and  recent  studies  reported  behavioral  effects.  Highly  exposed  human  offspring  have  exhibited 
developmental  problems  as  well.  Recently,  hormonal  and  neurological  abnormalities  have  been  reported  in  infants 
from  the  general  population.  The  complex  alteration  of  multiple  endocrine  systems  is  likely  associated  with  the 
spectrum  of  adverse  developmental  effects  caused  by  dioxin  and  related  compounds. 

Keywords:  2,3,7,8-Tetrachlorodibenzo-p-dioxin  (TCDD);  Dioxins;  Polychlorinated  biphenyls  (PCBs);  Developmen¬ 
tal  toxicity;  Endocrine  disruption;  Receptor-mediated  toxicity 


1.  Introduction 

Development  is  a  highly  integrated  process 
which  begins  with  gametogenesis,  proceeds  with 
fertilization,  embryogenesis,  maturation,  and 
eventually  senescence.  Developmental  effects 
have  traditionally  been  thought  of  as  birth  de¬ 
fects;  however,  it  is  critical  to  go  beyond  this 
concept  to  include  the  entire  life  cycle.  Develop¬ 
ment  is  under  hormonal  control.  A  precise  inte¬ 
gration  of  multiple  endocrine  systems  is  required 
for  all  stages  in  development.  The  role  of  es¬ 
trogens,  progestins,  gonadotropins,  androgens, 
etc.  is  well  known  in  regards  to  gametogenesis 
and  development.  The  brain,  endocrine  organs, 

1  Disclaimer:  This  document  has  been  reviewed  in  accord¬ 
ance  with  U.S.  Environmental  Protection  Agency  policy  and 
approved  for  publication.  Mention  of  trade  names  or  com¬ 
mercial  products  does  not  constitute  endorsement  or  recom¬ 
mendation  for  use. 
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reproductive  organs,  and  peripheral  tissues  all 
contribute  to  proper  functioning  of  the  organism 
throughout  its  life  cycle. 

Given  that  multiple  hormones  play  critical 
roles  in  all  aspects  of  development,  it  is  likely 
that  exogenous  environmental  chemicals,  which 
can  mimic,  block,  or  modulate  the  endogenous 
chemical  messengers  can  cause  developmental 
effects  [1].  The  most  important  family  of  such 
environmental  contaminants,  for  which  2,3 ,7,8- 
tetrachlorodibenzo-p -dioxin  (TCDD;  dioxin)  is 
the  prototype,  is  the  polyhalogenated  aromatic 
hydrocarbons  (PHAHs),  which  have  been  shown 
to  be  developmental  and  reproductive  toxicants 
in  multiple  species  (for  recent  reviews  see  [2,3]). 
Many  of  these  compounds,  those  which  are 
halogenated  in  at  least  four  lateral  positions, 
have  a  common  mechanism  of  action  which 
involves  binding  to  a  cytosolic  protein,  the  Ah 
receptor  [4].  This  protein  functions  as  a  ligand- 
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activated  transcriptional  enhancer  [5].  Although 
it  is  thought  of  functioning  in  an  analogous 
manner  to  steroid  receptors,  the  Ah  receptor  is  a 
member  of  the  basic  helix-loop-helix  (bHLH) 
family  of  proteins  [6].  As  with  the  steroid  re¬ 
ceptors,  the  Ah  receptor  exists  in  a  multi-protein 
complex  in  association  with  heat  shock  and  other 
proteins.  Upon  binding  to  the  ligand,  a  con¬ 
formational  change  results  in  release  of  the  other 
proteins  and  association  of  the  ligand  binding 
subunit,  the  Ah  receptor,  with  another  bHLH 
protein,  ARNT.  The  ligand-bound  heterodimer 
binds  to  specific  sequences  in  regulatory  regions 
of  DNA,  leading  to  alterations  in  gene  expres¬ 
sion.  A  second  method  to  alter  cell  signalling  has 
recently  been  proposed  involving  activation  of 
protein  tyrosine  kinases  [7].  A  schematic  of  Ah 
receptor  action  indicating  how  ligand  binding  can 
alter  proliferation  and  differentiation  via  two 
mechanisms  is  shown  in  Fig.  1. 

A  receptor-mediated  mechanism  of  action  is 
characteristic  of  all  hormones,  growth  factors, 
and  cytokines.  It  is  therefore  appropriate  to 
consider  dioxin  and  related  chemicals  which  act 
via  the  Ah  receptor  as  environmental  hormones. 
In  fact,  dioxins  are  potent  mimetics,  blockers, 
and  modulators.  Almost  every  hormone  system 
examined  has  been  shown  to  be  altered  by  dioxin 
in  some  cell-type,  tissue,  or  developmental  stage 
[5].  Dioxin  may  be  anti-estrogenic,  or  require 


Fig.  1.  Schematic  of  Ah  receptor  mechanism.  L,  ligand 
(TCDD.  other  dioxins,  certain  PCBs,  etc.);  Ah;  Ah  receptor; 
HSP90;  heat  shock  protein  90;  p50,  representative  of  addi¬ 
tional  peptides  present  in  multimeric  Ah  receptor  complex; 
Arnt.  aryl  hydrocarbon  nuclear  translocator. 


estrogen  for  its  actions.  Its  effects  can  resemble 
both  hypo-  and  hyperthyroidism.  Depending  on 
the  system,  dioxin  can  antagonize  or  synergize 
with  glucocorticoids.  In  addition,  dioxin  can 
modulate  the  actions  of  insulin,  retinoids,  growth 
factors  such  as  TGFer  and  /3,  and  cytokines  such 
as  IL1/3.  Dioxin  can  also  alter  the  metabolism  of 
multiple  hormones  via  its  induction  of  both 
Phase  I  and  Phase  II  biotransformation  enzymes. 
For  example,  T4  is  eliminated  more  rapidly  due 
to  induction  of  glucuronyl  transferase  activity. 

Not  all  of  the  PHAHs  act  through  the  Ah 
receptor  (Table  1).  While  Ah  receptor  inter¬ 
action  appears  necessary  for  all  of  the  laterally 
substituted  dioxins,  dibenzofurans,  and  PCBs, 
many  of  the  PCBs  have  difficulty  in  attaining  a 
coplanar  conformation  and  have  extremely  lim¬ 
ited  or  no  ability  to  bind  to  the  Ah  receptor.  In 
fact,  there  may  be  multiple  classes  of  PCBs 
which  have  independent,  but  potentially  overlap¬ 
ping,  mechanisms  and  responses  [8].  Thus,  some 
of  the  di-ortho  substituted  PCBs  have  phenobar- 
bital-like  activity  in  terms  of  enzyme  induction. 
Certain  PCBs,  and  especially  some  of  the  p- 
hydroxylated  metabolites,  have  estrogenic  activi¬ 
ty.  Sulfonated  metabolites  have  been  shown  to 
affect  pulmonary  function.  Some  of  the  lower 
chlorinated  PCBs  may  inhibit  tyrosine  hydroxy¬ 
lase  activity  leading  to  changes  in  dopaminergic 
systems  [9]  or  to  changes  in  calcium  homeostasis 
[10].  Both  dioxin  and  non-dioxin-like  PCBs  can 
alter  thyroid  status,  by  altered  kinetics  of  thyroid 
hormones  [11]  as  well  as  potential  interactions 
with  the  nuclear  thryoid  receptor  [12].  Recent 
studies  in  both  humans  and  rodents  have  sug¬ 
gested  that  PHAHs  may  alter  vitamin  K  metabo¬ 
lism,  leading  to  an  increase  in  bleeding  problems 
in  newborns  [13].  Prenatal  exposure  to  PCBs  has 
been  shown  to  alter  retinoid  status  [14]. 

2.  Teratogenic  effects  of  TCDD 

TCDD  and  other  Ah-receptor  ligands  are 
potent  developmental  toxicants  in  multiple 
species  (reviewed  in  [3]).  At  doses  which  are  not 
overtly  toxic  to  the  mother,  dioxin  can  cause 
fetotoxicity  in  the  offspring.  This  is  manifested 
by  decreased  growth,  hemorrhage,  and  fetal 
death.  Edema  is  observed  in  certain  species.  In 
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Table  1 

PCBs  and  PCB  mixtures 


Mixture 

%  Chlorine 

Congener 

IUPAC  number 

Aroclor  1016 

21 

Dioxin-like: 

1221 

21 

Coplanar  - 

77 

1242 

42 

3,3',4,4'-Tetrachlorobiphenyl 

1248" 

48 

33^4,4',5-Pentachlorobiphenyl 

126 

1254" 

54 

33,?4i4'i5,5'-Hexachlorobiphenyl 

169 

1260 

60 

Mono-orthocoplanar  - 

2,3',4,4',5-Pentachlorobiphenyl 

118 

Clophen  A30 

32 

Non-Dioxin-like: 

2,4,4'  -T  richlorobipheny  1 
2,2',4,4',5,5r-Hexachlorobiphenyl 

28 

153 

a  Mixtures  with  most  dioxin-like  congeners. 


addition,  hypoplasia  of  the  lymphoid  organs  is 
often  observed  at  relatively  low  doses.  A  recent 
study  [15]  has  demonstrated  that  prenatal  expo¬ 
sure  to  PCB  #118,  which  has  limited  ability  to 
bind  to  the  Ah  receptor,  leads  to  hypoplasia  of 
the  gastric-associated  lymph  nodes.  Some  of  the 
effects  on  the  immune  system  have  recently  been 
shown  to  be  extremely  persistent  [16].  As  previ¬ 
ously  suggested  in  studies  of  prenatal  effects  on 
the  immune  system  in  mice,  thymocyte  differen¬ 
tiation  is  altered  in  mice  prenatally  exposed  to 
dioxin  [17]. 

The  teratogenic  effects  of  dioxins  have  been 
most  extensively  studied  in  mice.  In  fact,  as  far  as 
obvious  structural  defects  are  concerned,  until 
recently  there  was  little  evidence  of  dioxin  caus¬ 
ing  such  terata  in  any  other  mammalian  species 
[3].  Of  course,  adverse  structural  abnormalities 
induced  in  birds  and  fish  have  been  well  docu¬ 
mented  [2].  Dioxin  causes  hydronephrosis  and 
cleft  palate  in  mice  at  doses  below  where  any 
overt  fetal  or  maternal  toxicity  is  detected.  Kid¬ 
ney  defects  have  been  observed  in  prenatally 
exposed  hamsters,  but  these  only  occur  at  doses 
where  fetotoxicity  is  evident.  The  same  can  be 
said  for  cleft  palate  in  rat  pups.  In  vitro  cultures 
have  demonstrated  that  the  embryonic  mouse 
palate  is  approximately  200  times  more  sensitive 
to  dioxin-induced  clefting  than  are  palatal 
shelves  from  rats  or  humans  [18].  Dioxin  causes 
cleft  palate  by  altering  the  proliferation  and 
differentiation  of  the  medial  epithelial  cells  of 
the  developing  palate.  These  changes  are 
brought  about  by  changes  in  the  balance  of 
various  growth  factors  and  their  receptors  in  the 


target  tissue  such  as  TGFa,  EGF,  and  the  EGF 
receptor,  and  TGF/31,  2,  and  3  [19].  The  changes 
in  proliferation  and  differentiation  in  the  de¬ 
veloping  palate  are  also  evidenced  in  the  de¬ 
veloping  urinary  tract  which  inappropriately  pro¬ 
liferates  leading  to  blockage  of  urinary  outflow 
resulting  in  hydronephrosis  in  treated  offspring 
(reviewed  in  [3]).  Altered  differentiation  induced 
by  dioxin  has  also  been  reported  in  the  preim¬ 
plantation  embryo  [20].  The  presence  of  the  Ah 
receptor  has  been  demonstrated  in  8-cell  em¬ 
bryos  [21].  Both  the  Ah  receptor  and  ARNT 
have  been  shown  to  be  present  in  the  developing 
palate  [22,23]  and  urinary  tract  [24].  Doses  of 
dioxin  which  are  teratogenic  can  be  measured  in 
target  embryonic  tissues  within  30  min  of  mater¬ 
nal  exposure  [25]. 

3.  Reproductive  effects  of  TCDD 

Although  dioxin  has  long  been  known  to  be  a 
reproductive  toxicant,  until  recently  little  effort 
has  been  expended  in  understanding  the  mecha¬ 
nism  of  its  effects  on  fertility  and  reproduction. 
In  part,  this  has  been  a  result  of  the  focus  on 
overt  structural  malformations;  certain  of  the 
effects  are  also  not  evident  until  puberty  or  even 
later.  Murray  et  al.  [26]  demonstrated  impaired 
reproduction  in  a  three-generational  study  using 
10  ng  TCDD /kg /day  in  rats.  Recent  studies  in 
the  laboratory  of  Peterson  and  coworkers  have 
examined  the  effects  of  prenatal  and  lactational 
exposure  to  TCDD  on  male  rat  pups  (reviewed 
in  [2]).  They  noted  demasculinization  and 
feminization  of  the  male  pups  following  a  single 
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treatment  of  1  ,ug  TCDD/kg  on  gestation  day  15, 
towards  the  end  of  organogenesis.  Some  of  the 
effects,  such  as  reduced  sperm  count  persisted 
throughout  adulthood.  The  behavioral  changes, 
originally  hypothesized  to  be  due  to  altered 
estrogenic  or  androgenic  status,  may  be  due  to 
peripheral  effects  on  the  secondary  sex  structures 
[27,28].  Based  on  cross-fostering  studies  [29], 
other  than  the  effects  on  feminizing  sexual  be¬ 
havior,  decreases  in  accessory  sex  organ  weights 
and  sperm  count,  and  delayed  puberty  appear 
due  to  prenatal  exposure.  Similar  effects  on 
prenatally  exposed  male  rats  and  hamsters  have 
been  reported  by  Gray  et  al.  [30].  The  develop¬ 
mental  exposure  to  TCDD  permanently  alters 
reproductive  function  in  the  male  offspring  of 
both  of  these  species  without  any  effect  on 
androgenic  status.  Gray  and  coworkers  failed  to 
observe  any  change  in  testosterone  or  androgen 
receptor  levels  in  the  sex  accessory  glands  or 
epididymis  in  the  perinatally  exposed  pups. 
Nevertheless,  the  reduction  in  epididymal  and 
ejaculated  sperm  appears  to  be  permanent.  Al¬ 
though  Bjerke  and  coworkers  [27]  failed  to 
observe  any  effect  on  brain  estrogen  receptor 
binding  or  sexually  dimorphic  nuclei,  CNS  in¬ 
volvement  has  been  recently  demonstrated  by  a 
permanent  change  in  core  body  temperature 
induced  by  this  exposure  regime  in  both  rats  [31] 
and  hamsters  (C.  Gordon,  personal  communica¬ 
tion). 

Gray  and  Ostby  [32]  have  also  examined  the 
effects  of  prenatal  and  lactational  exposure  to 
TCDD  on  female  rat  offspring.  In  addition  to 
puberty  being  delayed,  structural  malformations 
were  present  in  the  external  genitalia  of  the 
pups.  A  persistent  thread  of  tissue  existed  across 
the  vaginal  opening  in  conjunction  with  partial 
clefting  of  the  phallus.  Because  of  these  altera¬ 
tions,  first  matings  were  difficult  and  often  re¬ 
sulted  in  vaginal  bleeding.  Ovarian  weight  was 
also  permanently  reduced.  Pups  prenatally  ex¬ 
posed  on  gestation  day  8,  rather  than  15,  had  a 
lower  incidence  and  severity  of  the  genital  mal¬ 
formations,  but  exhibit  premature  reproductive 
senescence  and  an  early  decline  in  fertility  and 
fecundity.  No  changes  were  noted  in  sexual 
behaviors  in  the  female  rats  or  in  female  hamster 
pups  exposed  at  the  end  of  organogenesis  [33]. 
Lack  of  vaginal  opening  and  reduced  fertility 


were  also  noted  in  prenatally  exposed  hamster 
females. 

Similar  effects  to  those  observed  with  TCDD 
have  been  noted  in  studies  using  the  dioxin-like 
PCB  congener  #169  [34,35],  suggesting  that  the 
Ah  receptor  is  involved  in  the  reproductive 
effects  observed.  Premature  reproductive  aging 
has  previously  been  reported  for  a  commercial 
mixture  of  PCBs,  Aroclor  1221,  which  contains 
few  dioxin-like  congeners  [36].  This  mixture  also 
exhibited  estrogenic  activity,  while  higher  chlo¬ 
rinated  mixtures,  such  as  Aroclor  1242,  1254,  and 
1260,  did  not.  Prenatal  exposure  in  mice  to  the 
dioxin-like  PCB  #77  has  recently  been  shown  to 
reduce  the  number  of  germ  cells  in  the  ovaries 
[37],  which  could  potentially  lead  to  premature 
reproductive  aging.  Sager  and  Girard  [38]  have 
also  reported  that  perinatal  exposure  of  rats  to 
Aroclor  1254,  the  mixture  that  contains  the 
highest  concentration  of  dioxin-like  PCBs,  led  to 
delayed  puberty  and  decreased  fertility  in  female 
offspring.  Male  pups  exhibited  decreases  in  ac¬ 
cessory  sex  organ  weights,  decreased  fertility, 
and  increased  testes  weight  [39].  No  effects  were 
seen  on  testosterone  levels.  Lundkvist  [40]  ob¬ 
served  similar  effects  of  delayed  puberty  and 
decreased  sex  gland  weights  in  PCB-exposed 
guinea  pigs.  Overall,  the  data  suggest  that  many 
of  the  effects  of  PCBs  appear  similar  to  those 
reported  for  dioxin,  suggesting  that  these  effects 
are  mediated  via  the  Ah  receptor. 

4.  Hormonal  effects  of  PHAHs  during 
development 

None  of  the  dioxin-like  developmental  effects 
appear  to  be  clearly  estrogenic  or  anti-estrogenic. 
However,  a  number  of  the  effects  recently  re¬ 
ported  to  be  associated  with  exposure  to  both 
dioxin  and  nondioxin-like  PHAHs  may  involve 
alterations  in  thyroid  hormone  levels.  Cooke  and 
coworkers  [41]  have  recently  shown  that  tran¬ 
sient  neonatal  hypothyroidism  is  associated  with 
enlarged  testes.  In  agreement  with  the  earlier 
study  from  Sager  [39],  these  investigators  [42] 
have  found  that  prenatal  exposure  to  PCBs  also 
caused  enlarged  testes  and  increased  testicular 
sperm  count,  associated  with  effects  on  Sertoli 
cells.  In  contrast,  as  reviewed  above,  dioxin 
causes  a  permanent  decrease  in  epididymal  and 
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ejaculated  sperm  counts,  with  little  effect  on 
testicular  sperm  count  [30]. 

Dioxin  and  dioxin-like  PCBs,  #77  and  126, 
cause  slight  decreases  in  T4  levels  in  weanling  rat 
pups,  with  no  effects  on  the  dams  following 
exposure  on  gestation  days  10-16  [43].  In  con¬ 
trast,  much  larger  effects  on  circulating  T4  levels 
were  noted  in  pups  exposed  prenatally  to  PCB 
#118,  a  congener  with  limited  dioxin-like  activi¬ 
ty,  and  PCB  #153,  a  di-ortho  substituted  PCB 
with  extremely  limited  ability  to  bind  to  the  Ah 
receptor  [44].  No  effect  was  seen  with  the  lower 
chlorinated  PCB  #28.  In  addition  to  changes  in 
circulating  thyroxin  levels,  PCB  #118  exposure 
led  to  histological  changes  in  the  thyroid  gland 
suggestive  of  elevated  TSH  levels.  Morse  et  al. 
[11]  have  suggested  that  the  PCB-induced  de¬ 
creases  in  plasma  T4  are  due  in  part  to  induction 
of  UDP-glucuronyl  transferase.  The  decrease  in 
circulating  T4  appears  to  be  associated  with  an 
increase  in  Type  II  deiodinase,  which  converts  T4 
to  T3.  This  increase  in  a  brain-specific  form  of 
deioidinase  activity  may  be  a  result  of  transient 
hypothyroidism  in  the  developing  brain.  Could 
this  play  a  role  in  the  reported  neurotoxicity  of 
PCBs?  In  fact,  Ness  et  al.  [44]  have  suggested 
that  prenatal  hypothyroidism  would  be  consis¬ 
tent  with  the  observed  neurobehavioral  effects 
such  as  spatial  learning  deficits  and  altered  motor 
activity.  The  critical  role  of  thyroid  hormones  in 
brain  development  has  been  supported  by  recent 
studies  by  de  Ku  et  al.  [45]  who  demonstrated 
that  thyroxine  supplementation  was  able  to  re¬ 
verse  the  decline  in  choline  acetyltransferase 
activity  in  hippocampus  and  basal  forebrain  of 
neonatal  rats  induced  by  Aroclor  1254,  a  highly 
chlorinated  PCB  mixture  containing  significant 
amounts  of  dioxin-like  PCBs.  The  potential  abili¬ 
ty  of  supplemental  thyroxine  to  reverse  PCB- 
induced  neurological  effects  has  also  been  re¬ 
cently  demonstrated  by  Goldey  et  al.  [46].  These 
investigators  have  shown  that  Aroclor  1254 
exposure  during  development  reduces  circulating 
thyroid  hormone  concentrations  and  causes  hear¬ 
ing  deficits  in  rats  [47]  which  are  similar  to  those 
caused  by  the  potent  thyroid  antagonist,  PTU. 

Effects  reported  on  the  cholinergic  system  may 
be  due  to  the  dioxin-like  PCBs  since  neonatal 
exposure  to  PCB  #77  has  been  reported  to  alter 
muscarinic  cholinergic  receptors  and  sponta¬ 


neous  motor  behavior  in  mice  [48].  Exposure  of 
developing  rats  every  other  day  from  gestation 
days  10-20  to  PCB  #118  or  126  resulted  in 
poorer  visual  discrimination  and  higher  activity 
[49].  The  potent  dioxin  agonist,  #126,  was  more 
effective  than  #118.  These  neurobehavioral  ef¬ 
fects  in  the  offspring  occurred  in  the  absence  of 
clinical  maternal  effects  or  fetotoxicity.  De¬ 
creased  visual  discrimination  [50]  as  well  as  a 
decrease  in  active  avoidance  learning  was  also 
seen  following  prenatal  exposure  in  rats  to  the 
chlorinated  PCB  mixture,  Clophen  A30,  which 
contains  primarily  non-dioxin-like  PCBs.  Lacta¬ 
tional  exposure  had  no  effect  on  these  parame¬ 
ters.  Of  interest  are  the  permanent  neuro¬ 
behavioral  effects  observed  in  monkeys  exposed 
both  prenatally  and  lactationally  to  both  Aroclor 
1016  and  Aroclor  1248  [51].  The  deficits  ob¬ 
served  with  the  more  highly  chlorinated  mixture 
on  delayed  spatial  alternation  were  quite 
dramatic.  Both  mixtures  caused  effects  on  dis¬ 
crimination  reversal  learning.  The  PCB  levels  in 
the  mother’s  milk  were  within  the  range  ob¬ 
served  in  some  human  populations.  The  possi¬ 
bility  that  neurobehavioral  effects  of  PCBs  are, 
at  least  in  part,  associated  with  the  dioxin-like 
congeners  is  strengthened  by  the  demonstrated 
changes  in  locomotor  activity  and  rearing  be¬ 
havior  in  rats  exposed  perinatally  to  TCDD  [52]. 
In  contrast,  no  effects  were  observed  in  prenatal¬ 
ly  and  lactationally  exposed  male  rats  in  regards 
to  sexually  dimorphic  behaviors  [30]. 

Neurobehavioral  effects  of  PCBs  have  been 
reported  in  both  animals  and  humans  [53]. 
Whether  the  observed  effects  are  due  to  the 
dioxin-like  congeners,  the  non-dioxin-like 
congeners,  or  to  the  combination  is  unclear. 
Children  exposed  prenatally  to  heat-degraded 
PCB  mixtures  in  Japan  (‘Yusho’)  and  Taiwan 
(‘Yu-cheng’)  have  multiple  problems  including 
developmental  delays,  IQ  deficits,  ectodermal 
dysplasia,  and  growth  retardation  [54].  Problems 
at  puberty  have  also  been  noted  in  the  young 
men  [55].  Behavioral  deficits  have  been  noted  in 
children  whose  mothers  had  slightly  elevated 
levels  of  PCBs  (reviewed  in  [53]).  Recent  studies 
from  the  highly  exposed  Yu-Cheng  cohort  have 
noted  PCB-induced  alterations  in  auditory  event- 
related  P300  potentials,  suggesting  an  alteration  in 
cognitive  function  [56].  Decreased  neuro-op- 
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timality  and  hypotonicity  correlated  with  the 
dioxin-like  PCBs  in  infants  from  within  the 
general  population  in  the  Netherlands  [57]. 
Whether  this  is  related  to  the  dioxin-like  PCB- 
associated  decrease  in  circulating  T4  levels  in  this 
background  population  remains  to  be  deter¬ 
mined  [58]. 

While  it  is  clear  that  exposure  to  high  levels  of 
PCBs  is  associated  with  clearly  adverse  effects  in 
the  developing  offspring,  the  mechanism  of  these 
effects  is  not  clear.  The  recent  observations  that 
differential  responses  can  be  measured  within  the 
background  population,  when  the  population  is 
stratified  according  to  their  dioxin-like 
equivalencies,  suggest  that  subtle  effects  may  be 
occurring  at  relatively  low  levels.  The  mechanism 
of  such  responses  remains  unknown.  However, 
there  is  no  evidence  of  enhanced  fetal  death  in 
populations  which  may  have  elevated  PCB  levels 
due  to  increased  consumption  of  PCB-contami- 
nated  sport  fish  [59].  Paternal  exposure  to  TCDD 
appears  to  have  no  effect  on  pregnancy  outcome 
[60].  Of  course,  the  lack  of  adverse  effects  in 
these  two  studies  is  entirely  predictable  based  on 
animal  data. 

5.  Conclusions 

An  important  message  from  epidemiological 
studies  is  that  adverse  effects  of  dioxin  can  be 
detected  in  highly  exposed  populations,  such  as 
those  resulting  from  the  rice  oil  poisonings  in  the 
Far  East.  Recent  studies  suggest  that  subclinicaJ 
effects  may  also  be  present  within  the  back¬ 
ground  population.  What  does  this  suggest  for 
future  investigations?  Firstly,  it  may  not  be 
sufficient  to  look  only  for  overt  alterations  in  an 
individual.  Instead,  the  study  may  need  to  focus 
on  the  distribution  of  the  population.  This  is  a 
situation  reminiscent  of  that  observed  with  lead. 
Subtle  effects  of  hormonal  alterations  during 
development  may  put  the  population  into  an  ‘at 
risk’  category,  which  may  only  be  revealed  under 
stressful  conditions  or  by  insightful  measure¬ 
ments. 

All  of  the  developmental  effects  discussed 
above  may  involve  multiple  mechanisms.  While 
the  dioxin  effects,  and  those  of  the  dioxin-like 
PCBs,  clearly  require  the  Ah  receptor,  it  is 


essential  to  understand  that  the  function  of  this 
receptor  system  is  similar  to  that  of  any  hormon¬ 
al  system  and  involves  complex  combinatorial 
interactions.  Dioxins  initiate  a  cascade  of  bio¬ 
chemical  changes  resulting  in  alterations  in 
growth  and  differentiation.  How  intricate  physio¬ 
logical  networks  and  signalling  pathways  are 
perturbed  by  the  non-dioxin-like  PCBs  remains 
to  be  determined. 
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Abstract 

Biotransformation  of  chemical  carcinogens  involves  both  metabolic  activation  and  detoxication.  The  molecular 
dose  present  on  DNA  as  adducts  represents  a  balance  between  these  two  pathways  (formation)  and  DNA  repair. 
All  of  these  are  enzymatic  processes  subject  to  saturation.  When  none  of  the  pathways  is  saturated,  linear  molecular 
dosimetry  is  expected,  whereas  if  metabolic  activation  is  saturated,  a  supralinear  response  occurs.  If  detoxication  or 
DNA  repair  is  saturated,  a  sublinear  response  occurs.  With  chronic  exposure,  steady-state  concentrations  of  DNA 
adducts  develop  and  these  follow  the  same  patterns.  With  several  alkylating  agents,  multiple  adducts  are  formed. 
The  extent  of  formation  is  chemically  defined,  but  different  DNA  repair  pathways  can  be  involved  for  different 
adducts.  By  understanding  the  molecular  dose  and  biology  of  each  adduct  and  comparing  these  to  the  dose- 
response  for  tumor  induction,  it  may  be  possible  to  identify  the  most  appropriate  biomarkers  for  risk  assessment. 
Recently,  endogenous  DNA  adducts  identical  to  those  induced  by  known  human  carcinogens  have  been  identified. 
These  endogenously  formed  adducts  may  play  an  important  role  in  human  carcinogenesis. 

Keywords:  DNA  adducts;  Biomarkers;  Carcinogens;  1,2,3-Trichloropropane;  Diethylnitrosamine;  Dimethylnit- 
rosamine;  Vinyl  fluoride;  Vinyl  chloride;  Dose-response 


1.  Introduction 

When  evaluating  the  dose-response  relation¬ 
ship  of  carcinogens,  it  is  necessary  to  consider 
absorption,  distribution,  metabolism,  and  many 
other  factors  [1,2].  External  exposure  to  many 
agents  whether  via  air,  water,  or  food  leads  to 
internal  exposure  (Fig.  1).  If  a  compound  re¬ 
quires  metabolic  activation,  there  may  be  a 
saturable  pathway  that  will  be  less  effective  at 
high  versus  low  doses.  There  are  also  detoxica¬ 
tion  pathways  and  saturation  of  these  enhances 
the  toxicity  at  high  doses.  Ultimately  the  balance 
between  activation  and  detoxication  determines 
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the  amount  of  the  ultimate  carcinogen  available 
to  cause  heritable  damage.  For  most  agents, 
binding  to  DNA  is  the  prime  target,  but  binding 
might  also  occur  with  RNA  or  to  protein.  DNA 
adducts  are  subject  to  repair,  whereas  protein 
and  RNA  adducts  are  not.  When  DNA  repair  is 
saturated,  greater  numbers  of  DNA  adducts 
accumulate  per  unit  of  exposure.  The  end  result 
of  this  scheme  is  that  the  biologically  effective 
dose  of  a  chemical  can  have  a  complex  dose- 
response  relationship.  There  may  also  be  differ¬ 
ences  in  the  efficiency  of  different  DNA  adducts 
to  cause  mutations;  however,  none  will  cause 
mutations  in  the  absence  of  cell  proliferation.  If 
mutations  occur  at  a  critical  site  in  the  genome 
relative  to  carcinogenesis,  they  may  provide  the 
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Fig.  1.  Following  exposure,  a  chemical  undergoes  distribution 
to  various  tissues  and  may  be  mctabolically  activated  and/or 
detoxified.  The  balance  of  this  product  is  available  to  co¬ 
valently  bind  to  macromolecules.  Binding  to  DNA  can  be 
further  modified  by  DNA  repair,  yielding  the  biologically 
effective  dose  of  each  adduct.  K:,  K4.  and  Ks  are  saturable 
processes  that  can  be  different  for  high  versus  low  doses.  If 
DNA  adducts  are  present  when  a  cell  divides,  they  can  lead 
to  mutations  involved  in  initiation  and  progression  of  cancer. 


initial  step  of  initiation,  or  the  genetic  lesions 
involved  in  progression  of  neoplasia. 

The  different  shapes  of  simplified  dose-re¬ 
sponse  curves  are  shown  in  Fig.  2.  If  nothing  is 
saturated  the  response  is  linear  (Fig.  2,  curve  a) 
Saturation  of  metabolic  activation  results  in  a 
supra-linear  dose-response  curve  (Fig.  2,  curve 
b).  In  this  instance,  the  increase  in  toxic  effect 


Increasing  External  Exposure 

Fig.  2.  Theoretical  dose-response  curves.  Curve  a  is  linear 
and  is  expected  whenever  none  of  the  processes  in  Fig.  1  are 
saturated.  It  is  also  the  default  assumption  in  risk  assessment. 
Curve  b  is  supralinear  and  is  expected  whenever  metabolic 
activation  is  saturated.  Curve  c  is  sublinear  and  is  expected 
when  detoxication  or  DNA  repair  is  saturated.  Tumor  re¬ 
sponse  curves  are  further  modified  by  exposure-related  cell 
proliferation. 


(i.e.  adducts  per  unit  dose)  is  much  less  at  higher 
external  doses.  On  the  other  hand,  saturation  of 
detoxication  or  DNA  repair  results  in  a  sub- 
linear  dose-response  curve  (Fig.  2,  curve  c).  In 
this  instance,  at  higher  external  doses  there  is  a 
greater  amount  of  damage  per  unit  dose  than  at 
low  doses.  This  perspective  is  very  important  in 
understanding  the  dose-response  for  tumor  inci¬ 
dence  or  other  toxic  events  being  induced  at  the 
maximum  tolerated  dose  and  in  extrapolating  to 
exposures  that  may  be  orders  of  magnitude 
lower. 

2.  Examples  of  molecular  dosimetry 

One  example  illustrating  this  point  is  the  shape 
of  the  dose-response  curve  for  Oh-methylguanine 
(06MG)  following  single  doses  of  dimethylnit- 
rosamine  covering  five  orders  of  magnitude  [3], 
The  response  with  N7-methylguanine  (7MG), 
the  major  DNA  adduct,  is  linear  over  the  entire 
dose  range.  For  06MG,  the  theoretical  amount 
formed  is  1  /  10th  that  of  7MG.  At  lower  doses 
the  amount  of  06MG  present  is  about  1/ 100th 
the  amount  of  7MG,  reflecting  the  role  of  DNA 
repair.  At  higher  doses  the  removal  process  is 
saturated  and  the  slope  of  the  dose-response  for 
this  adduct  increases.  Since  06MG  is  the  adduct 
causing  most  of  the  mutations  with  this  com¬ 
pound,  this  saturation  of  DNA  repair  plays  an 
important  role  in  understanding  the  induction  of 
mutations  and  cancer. 

Another  well  studied  example  is  diethylnit- 
rosamine  (DEN).  DNA  adducts  are  much  like 
other  pharmacokinetic  entities  (e.g.  metabolites) 
in  that  on  chronic  administration,  they  attain 
steady  state  concentrations.  The  steady  state 
concentration  reflects  that  with  chronic  exposure, 
the  amount  being  formed  each  day  equals  the 
amount  being  repaired  or  lost  that  day.  By 
plotting  steady  state  data  it  can  be  determined  if 
a  linear  or  non-linear  dose-response  curve  is 
present.  For  DEN,  the  data  for  4  weeks  of 
exposure  shows  a  linear  dose-response  curve  for 
04-ethylthymidine  (04ET)  from  0.4  to  40  ppm 
[4].  At  low  doses,  there  is  a  1:1  relationship 
between  04ET  and  02-ethylthymidine  (02ET), 
another  promutagenic  adduct.  However,  at  high 
doses,  repair  of  Q2ET  adducts  is  saturated  and 
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the  curve  is  non-linear,  with  02ET  increasing 
nine  times  faster  than  04ET  [5].  04ET  results  in 
transition  mutations  at  thymines,  while  02ET 
causes  transversion  mutations.  Therefore,  the 
type  of  mutations  induced  will  be  different  at 
high  doses  than  at  low  doses,  and  this  is  likely  to 
be  important  in  carcinogenesis. 

(V-Methyl-/V-nitrosamino)  -1  -(3-pyridy  1 )  - 1  -  bu- 
tanone  (NNK)  is  a  tobacco  specific  nitrosamine 
causing  tumors  in  the  nasal  cavity,  lung,  and  liver 
in  rats  [6].  No  dose-response  relationship  was 
evident  for  lung  tumors  between  5  and  50  mg /kg 
NNK.  Belinsky  et  al.  [7]  have  shown  that  in  rat 
lung,  06MG  exhibits  a  supra-linear  dose-re¬ 
sponse  curve  that  is  representative  of  saturation 
of  metabolic  activation.  Using  high  dose  data 
from  such  a  bioassay  would  underestimate  the 
risk  associated  with  exposure  to  lower  doses. 
However,  it  is  even  more  complicated.  Dark  field 
microscopy  of  radio-labeled  NNK  in  rats  re¬ 
vealed  much  greater  deposition  of  NNK  in  cells 
lining  the  small  airways.  This  radioactivity  was 
shown  to  be  localized  in  the  Clara  cells,  which 
had  very  high  adduct  levels.  When  the  dose- 
response  relationship  for  lung  tumors  was  com¬ 
pared  with  the  dose-response  relationship  for 
06MG,  the  molecular  dose  revealed  a  linear 
response. 

Vinyl  chloride  (VC)  is  a  known  human  car¬ 
cinogen  and  VC  and  vinyl  fluoride  (VF)  induce 
hemangiosarcomas  in  rats  and  mice  [8].  We  have 
recently  used  molecular  dosimetry  of  their  DNA 
adducts  to  better  understand  carcinogenesis  by 
these  chemicals  [9].  A  clear  supralinear  exposu¬ 
re-relationship  was  shown  for  the  promutagenic 
DNA  adduct,  N2,3-ethenoguanine  (EG),  with 
saturation  of  metabolic  activation  at  250  and 
2500  ppm  VF  (Fig.  3).  Of  great  interest  was  the 
clear  presence  of  endogenously  formed  EG  in 
both  rats  and  mice  using  GC/high  resolution  MS. 
Endogenously  formed  EG  was  also  detected  in 
10/10  human  liver  samples  (Fig.  4),  with  a  mean 
value  of  3  per  107  guanines  and  a  range  from  0.7 
to  7.  To  put  this  in  perspective,  this  would  be  the 
amount  of  EG  formed  by  exposures  of  2-25  ppm 
VF  or  VC  using  the  linear  portion  of  the  ex¬ 
posure-response  shown  in  Fig.  3.  Presently,  the 
source  of  endogenous  EG  is  unknown. 

The  molecular  dose  of  ethylene  oxide  has  also 


been  characterized  using  GC/high  resolution  MS 
and  this  methodology  has  been  applied  to  under¬ 
standing  the  metabolism  of  ethylene  [10].  Again, 
endogenous  formation  of  7-hydroxyethylguanine 
(HEG)  was  clearly  demonstrated  in  control 
mice,  rats  and  unexposed  humans  (Table  1). 
Exposure  to  ethylene  oxide  caused  a  linear 
increase  in  HEG  at  3  and  10  ppm.  Ethylene 
caused  a  supralinear  exposure-response,  with 
saturation  of  metabolic  activation  at  exposures  of 
1000  ppm  and  higher.  When  the  relationship 
between  DNA  and  hemoglobin  adducts  was 
examined  following  4  weeks  of  exposure,  the 
slope  of  the  ethylene  plot  was  greater  with  data 
from  liver  and  lung,  i.e.  there  were  more  DNA 
adducts  per  hemoglobin  adduct,  suggesting  that 
these  tissues  were  activating  ethylene  to  ethylene 
oxide. 

One  of  the  most  nonlinear  dose-responses  for 
cancer  induction  in  rats  is  that  of  formaldehyde. 
The  dose-response  curve  for  the  induction  of 
squamous  cell  carcinoma  in  the  nose  of  rats 
exhibited  no  increase  in  tumors  at  2  ppm,  a  1% 
incidence  at  5.6  ppm,  and  a  50%  incidence  at  15 
ppm  [11].  Thus,  a  2.5-fold  increase  in  dose 
resulted  in  a  50-fold  increase  in  tumors.  Form¬ 
aldehyde  undergoes  detoxication  via  a 
glutathione-mediated  pathway  and  only  the  non- 
detoxified  material  is  available  to  bind  to  DNA 
and  form  DNA-protein  cross  links.  Heck  and 
Casanova  [12],  examined  the  dose-response  of 
covalently  bound  formaldehyde  per  ppm  (i.e. 
adducts  divided  by  dose),  and  demonstrated  that 
there  were  4-  to  7-fold  less  DNA-protein  cross 
links  at  low  doses  than  at  high  doses  because  of 
saturation  of  the  detoxication  pathway.  Further¬ 
more,  Monticello  et  al.  [13]  repeated  the  form¬ 
aldehyde  bioassay  using  a  mechanistically  de¬ 
signed  study  which  included  an  additional  expo¬ 
sure  group  of  10  ppm.  They  confirmed  that  the 
slope  for  nasal  cancer  changed  at  exposures 
above  6  ppm,  whereas  the  molecular  dose  was 
similar  per  unit  of  exposure,  but  4-7  times 
greater  than  that  observed  at  2  ppm  and  lower. 
No  increase  in  cell  proliferation  was  induced  by 
exposures  of  6  ppm  or  less,  while  a  marked 
increase  in  the  slope  for  cell  proliferation 
occurred  at  10  and  15  ppm  across  different  time 
points  ranging  from  3-18  months.  Therefore, 
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Fig.  3.  Steady-slate  exposure  response  curves  for  N:,3-ethenoguanine  in  liver  DNA  of  rats  and  mice  exposed  to  vinyl  fluoride  for 
12  months.  Note  the  supralinear  exposure-response  due  to  saturation  of  metabolic  activation. 


between  6  ppm  and  15  ppm,  the  molecular  dose 
was  linear,  but  cell  proliferation  was  non-linear 
and  identical  to  tumor  incidence.  It  is  very 
difficult  to  argue  against  this  not  being  the 
driving  mechanism  for  the  great  increase  in 
tumors  at  10  ppm  and  15  ppm. 

Molecular  dosimetry  can  be  used  in  risk  assess¬ 
ment  in  several  different  ways.  First,  as  shown 
above,  it  can  be  used  for  high  to  low  dose 
extrapolation  to  identify  saturation  of  metabolic 
activation,  detoxication,  or  DNA  repair,  and  to 
extend  the  observable  range  of  data.  Second, 
molecular  dosimetry  can  be  used  to  improve 
route  to  route  extrapolation.  For  example,  a 
gavage  bioassay  can  be  extrapolated  to  exposure 


by  inhalation  or  drinking  water  if  these  are  more 
relevant  for  human  exposure.  This  has  recently 
been  done  for  1,2,3-trichloropropane  [14],  where 
it  was  found  that  exposure  via  gavage  resulted  in 
approximately  two  times  more  DNA  adducts 
than  exposure  via  drinking  water  (Table  2).  In 
addition,  gavage  exposure  caused  a  significant 
increase  in  cell  proliferation,  while  drinking 
water  did  not.  This  strongly  suggests  that  gavage 
exposure  will  overestimate  the  carcinogenic 
potency  of  this  chemical. 

A  third  area  for  molecular  dosimetry  to  con¬ 
tribute  is  in  assessing  species  differences  in 
metabolism.  This  approach  is  being  applied  to 
butadiene  to  improve  the  accuracy  of  human  risk 
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Time  (minutes) 

Fig.  4.  GC/High  resolution  mass  spectra  of  liver  DNA  from  a  56-year-old  man  that  had  no  known  exposure  to  vinyl  chloride 
showing  the  presence  of  endogenously  formed  N2,3-ethenoguanine. 


7-Hydroxyethylguanine  concentrations  in  liver  DNA  in  unexposed  humans  and  rats  and  in  rats  exposed  to  ethylene  or  low  doses 


of  ethylene  oxide 


Species 

Exposure 

HEG  (pmol//jmol  guanine) 

Human 

Unexposed 

3.0  ±1.0 

Rat 

Unexposed 

0.2  ±  0.05 

Rat 

40  ppm  Ethylene 

1.05  ±  0.25 

Rat 

1000  ppm  Ethylene 

4.31  ±  0.25 

Rat 

3000  ppm  Ethylene 

6.49  ±  1.97 

Rat 

3  ppm  Ethylene  oxide 

1.78  ±0.87 

Rat 

10  ppm  Ethylene  oxide 

3.60  ±  0.82 

Table  2 

Effect  of  exposure  route  on  DNA  adduct  formation  (pmol/ 
fxmo\  guanine)  by  1,2,3-trichloropropane 


Organ 

Drinking  water 

Gavage 

Forestomach 

86.8  ±  73.2 

123.1  ±  10.3 

Glandular  stomach 

43.2  ±  5.9 

42.5  ±  4.6 

Kidney 

81.9  ±41.5 

193.1  ±  64.4 

Liver 

185.5  ±  83.9 

374.9  ±  109.2 

assessment.  While  quantitative  data  are  not  yet 
available,  the  approach  may  be  of  interest  and  is 
presented  below.  GC/high  resolution  MS  meth¬ 
ods  are  being  developed  for  the  DNA  and 
hemoglobin  adducts  of  butadiene’s  mono-  and 
diepoxide.  The  absolute  and  relative  amounts  of 
each  DNA  adduct  will  be  determined  in  rats  and 
mice,  and  the  absolute  and  relative  amounts  of 
the  hemoglobin  adducts  will  be  determined  in 
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rats,  mice  and  humans.  This  will  demonstrate  the 
preferred  metabolic  pathways  for  all  three 
species  to  help  select  the  most  appropriate 
species  for  assessing  human  risk  and  will  provide 
data  on  the  range  of  interindividual  variability  of 
metabolism  in  humans. 

3.  Conclusions 

We  are  beginning  to  understand  mechanisms 
of  human  and  animal  carcinogenesis  at  a  level 
that  can  improve  the  accuracy  of  human  risk 
assessment  [15].  We  are  starting  to  understand 
some  of  the  genes  responsible  for  cancer  in 
humans  and  animals  such  that  laboratory  animal 
studies  and  epidemiology  studies  are  beginning 
to  include  such  components  as  genetic  suscep¬ 
tibility  factors,  molecular  dosimetry,  and  muta¬ 
tional  spectra  in  oncogenes,  tumor  suppressor 
genes  and  other  surrogate  genes.  These  in  turn 
will  feed  into  the  risk  assessment  paradigm.  We 
will  also  better  understand  some  of  the  inter¬ 
individual  differences  that  lead  to  predisposition 
to  cancer.  Many  of  these  predispositions  can  be 
expected  to  be  more  variable  in  human  popula¬ 
tions  than  they  are  in  inbred  laboratory  animals. 
Presently,  some  of  the  conservatism  that  goes 
into  risk  assessment  is  based  on  such  assump¬ 
tions.  It  is  likely  that  we  will  be  able  make  real 
determinations  on  such  issues  in  the  near  future, 
rather  than  relying  on  defaults  and  uncertainty 
factors  in  risk  assessment. 
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Abstract 

For  genotoxic  carcinogens,  exposure  assessment  may  be  achieved  by  measurements  of  the  extent  of  covalent 
interaction  (adduct  formation)  that  has  occurred  between  the  carcinogen  and  macromolecules  such  as  DNA, 
haemoglobin  and  albumin.  Adducts  for  many  carcinogens  have  been  found  in  supposedly  unexposed  populations. 
This  signifies  either  that  endogenous  processes  contribute  to  this  DNA/protein  modification,  or  that  there  are 
exogenous  exposures  to  these  carcinogens  that  were  not  previously  recognised.  Notable  examples  where 
‘background*  genotoxic  modification  has  been  found  include  damage  caused  by  low  molecular  weight  alkylating 
agents  and  hydroxyl  radicals.  The  significance  of  the  existence  of  these  adducts  to  genotoxic  risk  is  as  yet  unknown. 

Keywords:  DNA  adduct;  Protein  adduct;  Carcinogens;  Biomonitoring 


1.  Introduction 

It  is  over  20  years  since  the  concept  was  origi¬ 
nated  of  biomonitoring  carcinogen  exposure 
through  measurement  of  the  interaction  products 
(adducts)  formed  by  carcinogens  with  nucleic 
acids  and  proteins.  To  date,  only  three  macro¬ 
molecules  have  received  extensive  study  of  their 
adduct  formation:  DNA,  haemoglobin  and  al¬ 
bumin.  DNA  was  an  obvious  selection  based 
upon  the  belief  that  it  was  a  ‘target  molecule’, 
and  that  the  extent  of  adduct  formation  there 
would  bear  some  relationship  with  subsequent 
stages  in  the  carcinogenesis  process  (e.g.  muta¬ 
tion).  In  practice,  the  DNA  sampled  for  human 
biomonitoring  is  normally  from  a  non-target  site 
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for  carcinogenesis,  (where  the  spectrum  of  ad¬ 
duct  formation  may  possibly  not  reflect  that  in 
the  target  organ).  Haemoglobin  and  albumin  are 
two  further  non-target  site  macromolecules  that 
have  been  used  for  biomonitoring,  whose  choice 
was  governed  largely  by  their  availability  and 
long  lifetime.  Adducts  on  these  proteins  are  not 
subject  to  enzymic  repair  processes  and,  if  the 
adducts  are  chemically  stable,  their  measurement 
may  be  used  as  a  monitor  of  exposure  to  car¬ 
cinogens  over  the  lifetime  of  the  proteins. 

The  relationship  between  adducts  measured 
on  proteins  and  adducts  on  DNA  (non-target 
and  target  site)  is  variable  according  to  the 
carcinogen,  exposure  conditions,  etc.  For  many 
compounds,  there  appears  to  be  a  propor¬ 
tionality  between  protein  adducts  and  DNA 
adducts,  especially  at  low  doses  of  carcinogen  [1]. 
The  proportionality  factor,  however,  will  vary 
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according  to  the  exposure  and  individual  studied. 
In  typical  cases  of  human  exposures  to  car¬ 
cinogens,  there  are  low  doses  to  a  multitude  of 
compounds  under  exposure  conditions  that  are 
unknown  (e.g.  exposure  to  environmental  pollu¬ 
tion),  and  it  may  therefore  not  be  possible  to 
predict,  accurately,  DNA  adduct  formation 
based  upon  a  measurement  of  a  protein  adduct. 

Despite  these  problems,  measurement  of  non¬ 
target  protein  and  DNA  adducts  has  been  dem¬ 
onstrated  to  be  an  effective  means  of  monitoring 
exposure  to  genotoxic  compounds.  If  (a)  the 
adduct  measured  is  quantitatively  related  to  the 
adduct  in  the  DNA  in  the  target  cell,  and  (b)  the 
adduct  in  the  DNA  target  cell  is  quantitatively 
associated  with  development  of  mutation  and 
subsequent  stages  of  the  carcinogenesis  process, 
then  measurement  of  non-target  adducts  may 
also  have  value  as  a  carcinogenic  risk  monitor. 
With  the  limited  data  so  far  available,  the  as¬ 
sociations  (a)  and  (b)  above  appear  to  be  vari¬ 
able  according  to  the  compound  studied. 

The  analytical  methods  that  have  been  most 
widely  used  for  detecting  adducts  include: 

Protein  adducts:  gas  chromatography-mass 
spectrometry,  immunoassay,  HPLC  with  fluores¬ 
cence  detection; 

DNA  adducts:  ^P-postlabelling,  immunoassay, 
HPLC  with  fluorescence  or  electrochemical  de¬ 
tection,  mass  spectrometry,  atomic  absorption 
spectrometry,  competitive  repair  assay,  ac¬ 
celerator  mass  spectrometry,  (only  for  '^-la¬ 
belled  carcinogens). 

The  application  of  these  methods  for  moni¬ 
toring  exposure  to  carcinogens  from  occupation¬ 
al,  dietary,  medicinal,  and  environmental  (e.g. 
urban  pollution  and  cigarette  smoking)  sources 
has  been  extensive  (cf.  review  by  Farmer  [2]).  A 
significant  discovery  has  been  the  fact  that  ad¬ 
ducts  for  many  carcinogens  have  been  found  in 
supposedly  unexposed  populations.  These  are 
particularly  apparent  for  low  molecular  weight 
alkyl  adducts  and  for  hydroxyl  radical  damage. 
The  origins  of  this  ‘background’  damage  and  its 
genotoxic  significance  are  unknown.  Below  are 
summarised  some  representative  examples  of 
adduct  measurement  carried  out  in  our  labora¬ 
tory,  where  background  levels  of  adducts  have 
been  detected. 


2.  Covalent  adduct  formation  in  haemoglobin 

The  amino  acids  in  haemoglobin  that  react  with 
genotoxic  carcinogens  are  those  with  nu¬ 
cleophilic  side  chains  (e.g.  cysteine,  histidine, 
aspartic  acid,  glutamic  acid,  lysine)  and  the  N- 
terminal  amino  acid,  which  is  valine  in  both  the 
a-  and  the  /3-chain  of  human  globin.  Analytical 
methods  for  adducts  at  all  of  these  sites  have 
been  developed  [3].  Thus  for  cysteine,  the  ad¬ 
ducts  that  have  been  detected  include  those  from 
aromatic  amines,  styrene  oxide,  benzene,  acryl¬ 
amide,  acrylonitrile,  and  methylating/ ethylating 
agents;  for  histidine,  low  molecular  weight  epox¬ 
ides;  for  carboxylic  acids  (aspartic,  glutamic,  C- 
terminal  amino  acid),  tobacco  specific  nitro- 
samines,  polycyclic  aromatic  hydrocarbon  epox¬ 
ides,  and  styrene  oxide;  and  for  N-terminal 
valine,  epoxides  (e.g.  of  ethylene,  propylene, 
butadiene,  styrene),  acrylonitrile,  and  acrylam¬ 
ide. 

Particular  attention  has  been  placed  in  our 
laboratories  on  the  analysis  of  N-terminal  valine 
adducts.  The  method  for  this  involves  a  modified 
Edman  degradation  procedure,  originally  de¬ 
veloped  by  Tornqvist  et  al.  [4].  This  procedure 
cleaves  the  adducted  N-terminal  valine  from  the 
protein  chain,  liberating  a  thiohydantoin  that 
may  be  analysed  by  GC-MS.  For  example,  expo¬ 
sure  to  ethylene  oxide  (and  other  hydroxy- 
ethylating  agents)  may  be  monitored  by  deter¬ 
mining  the  thiohydantoin  generated  from  the 
adduct  N-(2-hydroxyethyl)  valine  (HOEtVal). 
Using  this  method,  we  have  shown  that  occupa¬ 
tional  exposure  to  ethylene  oxide  yields  up  to  13 
nmol  HOEtVal/g  globin  and  that  smoking  10 
cigarettes /day  gives  ca.  70  pmol  HOEtVal/g 
globin  [2,3].  Of  particular  interest  was  the  fact 
that  supposedly  unexposed  individuals  contained 
ca.  50  pmol  HOEtVal /g  globin  [5].  The  source  of 
this  is  believed  to  be  partially  from  endogenous 
ethylene,  although  a  recent  study  of  ours  has 
shown  that  exhaust  fumes  contribute  towards 
human  HOEtVal  levels  (Autrup  and  Farmer, 
unpublished  data).  We  have  also  demonstrated 
that  new-born  babies  possess  a  background  level 
of  HOEtVal  and  that  the  level  of  adducts  is  much 
enhanced  in  the  babies  of  smoking  mothers  [6]. 
HOEtVal  levels  of  the  babies  were  linearly 
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Table  1 

Background  levels  of  adducted  amino  acids  in  protein 


Amino  acid 

Adduct 

Level 

Reference 

Valine 

2-(Hydroxyethyl) 

31  pmol/g  globin 

[7] 

Methyl 

500  pmol/g  globin 

[8] 

2-Cyanoethyl 

13  pmol/g  globin 

[9] 

Cysteine 

Methyl 

16.4  nmol/g  globin 

[8] 

2-Carboxyethyl 

8.5  nmol/g  globin'1 

[8] 

4-Aminobiphenyl 

0.17  pmol/g  Hb 

[8] 

Histidine 

2-(Hydroxyethyl) 

1.6  nmol/g  globin 

[8] 

Carboxylic  acids 

Benzo[a]pyrene 

700  pmol/g  albumin 

[10] 

a  After  acidic  hydrolysis. 


correlated  with  the  levels  of  the  mothers.  Ongo¬ 
ing  work  has  confirmed  these  data,  comparing 
mothers’  and  umbilical  cord  haemoglobin,  in  a 
larger  population  of  Danish  women  (Autrup  and 
Farmer,  unpublished  data). 

In  a  recent  international  study  funded  by  the 
European  Union,  we  were  given  the  opportunity 
to  compare  HOEtVal  levels  in  the  globin  of 
several  European  populations  living  in  areas  of 
varying  environmental  pollution.  In  this  study,  a 
rural  ‘control’  population  from  Yorkshire,  UK 
had  significantly  more  (P<0.01)  HOEtVal  than 
populations  living  in  more  polluted  areas  in 
Swansea,  UK  and  Copenhagen,  Denmark 
(35.3  ±  7.6  compared  to  27.1  ±  6.3  and  20.9  ±  9.1 
pmol  HOEtVal /g  globin,  respectively  [7]).  There 
appear  to  be  further  unknown  environmental 
parameters  governing  the  amount  of  HOEtVal 
production.  HOEtVal  is  just  one  example  of 
many  adducts  where  background  levels  have 
been  demonstrated  (Table  1).  The  existence  of 
these  adducts  presumably  reflects  exposure  to 
alkylating  agents,  and  is  commonly  matched  by 
the  existence  of  ‘background’  DNA  adducts 
containing  the  same  alkyl  groups  (see  below). 

3.  Covalent  adduct  formation  in  DNA 

The  most  general  approach  for  detecting  DNA 
adducts  is  the  32P-postlabelling  assay.  Originally 
developed  by  Randerath  et  al.  [11],  this  assay  is 
capable  of  screening  for  adducts  from  most 
genotoxic  carcinogens  at  sensitivities  that  may 
reach  as  low  as  1  adduct/ 10 10  nucleotides.  Al¬ 
though  a  highly  sensitive  method,  it  does  not  give 
direct  information  regarding  the  chemical  nature 


of  the  adduct.  Its  use  has  been  extensive  (for 
applications,  see  review  of  Beach  and  Gupta 
[12])  with  especial  application  in  human  samples 
for  the  detection  of  bulky  (e.g.  polycyclic  aro¬ 
matic  hydrocarbon)  adducts.  Measurable  back¬ 
ground  levels  have  been  detected  in  ‘control’ 
human  DNA  samples.  The  source  of  these  is 
unknown,  although  environmental  factors  clearly 
play  a  role,  e.g.  the  amount  of  aromatic  DNA 
adducts  in  lymphocytes  measured  by  postlabel¬ 
ling  has  been  shown  to  be  increased  in  winter 
compared  to  summer,  presumably  because  of  the 
greater  burning  of  fossilised  fuel  in  the  winter 
months  [13]. 

We  have  recently  demonstrated  the  presence 
of  background  levels  of  adducts  in  a  truly  rural 
population  living  in  the  Shetland  Isles  (Cole  et 
al.,  unpublished  data).  In  January,  1993,  an  oil 
tanker  Braer  ran  aground  on  the  southern  tip  of 
the  Shetland  Isles  and  there  was  extensive  local 
pollution  with  oil.  Samples  of  blood  were  col¬ 
lected  from  the  local,  potentially  exposed  popu¬ 
lation  and  from  an  area  well  removed  from  the 
disaster.  Immediately  after  the  accident,  the 
‘exposed’  group  had  DNA  adduct  levels  (mea¬ 
sured  as  the  ‘diagonal  radioactive  zone’  in  the 
postlabelling  procedure)  at  a  mean  level  of  6.6 
adducts  /107  nucleotides.  The  control  group  had 
a  level  of  5.6  adducts/107  nucleotides,  which  was 
insignificantly  different.  There  was  thus  no  evi¬ 
dence  of  genetic  damage  caused  by  the  spill. 

Levels  of  background  DNA  adducts  have 
recently  been  measured  in  non-smoking  popula¬ 
tions  in  several  other  European  locations 
(Farmer  et  al.,  CEC  STEP  programme,  unpub¬ 
lished  data).  Preliminary  indications  are  that 
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levels  in  populations  in  urban  locations  (e.g. 
Copenhagen  8.6  adducts / 107  nucleotides,  Athens 
9.4  adducts /107  nucleotides)  are  higher  than 
those  in  rural  surroundings  (Denmark  4.3 
adducts / 107  nucleotides,  Crete  5.6  adducts / 107 
nucleotides). 

Detection  procedures  of  more  chemical  or 
biochemical  specificity,  such  as  HPLC-ECD, 
fluorescence,  GC-MS,  and  immunoassay,  have 
been  used  to  quantitate  specific  adducts  in  DNA. 
Low  molecular  weight  adducts  (e.g.  N-7- 

methylguanine  [14],  N-7-(2-hydroxyethyl)guan- 
ine  [15],  N~,3-ethenoguanine  [16],  the  malondial- 
dehyde  adduct  of  guanine  [17]),  are  present  in 
control  DNA,  indicating  either  exogenous  or 
endogenous  exposure  to  low  molecular  weight 
electrophilic  agents. 

DNA  also  appears  to  be  constantly  exposed  to 
oxygen  radicals,  e.g.  the  hydroxyl  radical  HO*. 
Thus,  for  example,  one  of  the  products  of  hy¬ 
droxyl  radical  attack  on  DNA,  8-hydroxy- 
guanine,  has  been  detected  by  HPLC/ECD  in  a 
range  of  animal  and  human  tissue  DNA  at  a 
range  of  1-30  adducts/ 106  DNA  bases  [18]. 
Thymine  glycol,  which  is  another  product  of 
oxidative  DNA  damage,  has  been  detected  in 
human  urine  at  a  concentration  of  0.39  ±  0.36 


nmol/kg/day  [19].  This  urinary  modified  base 
presumably  results  from  repair  of  oxidatively 
modified  nucleic  acids. 

We  have  recently  developed  a  GC-MS-MS 
procedure  for  the  quantitation  of  thymine  glycol 
in  DNA  [20].  This  procedure  involves  the  hy¬ 
drolysis  of  DNA  in  60%  formic  acid,  at  140°C, 
derivatising  the  product  with  a  t-butyldimethyl 
silylating  agent  and  GC-MS  selected  ion  record¬ 
ing  or  GC-MS-MS  multiple  reaction  monitoring. 
Preliminary  results  indicate  background  levels  of 
thymine  glycol  in  rat  DNA  of  ca.  3  modified 
bases/10h  nucleotides  and  human  placental  DNA 
of  9  modified  bases/ 106  nucleotides  (Farooq  et 
al.,  unpublished  data). 

A  summary  of  some  of  the  background  levels 
of  DNA  damage  that  have  been  detected  is 
shown  in  Table  2. 

4.  Conclusion 

Satisfactory  analytical  techniques  now  exist  for 
the  measurement  of  many  DNA  and  protein 
adducts  caused  by  human  exposure  to  genotoxic 
agents.  The  value  of  these  techniques  as  an 
exposure  monitor  has  been  validated,  but  the 
value  as  a  risk  monitor  has  not  yet  been  general- 


Table  2 

Background  levels  of  modified  bases  in  DNA 


Adduct 

Tissue 

Level 

Reference 

Guanine 

N-7-Methyl 

Human  lymphocytes 

2.3/ 107 

[14] 

N-7-(2-Hydroxyethyl ) 

Rat  liver 

2.5/ 10* 

[15] 

N\3-Etheno 

Human  liver 

1.7/1 07 

[16] 

[171 

Malondialdehyde 

Human  liver 

9/1 07 

8-Hydroxy 

Human  leukocytes 

1.2/10" 

[21] 

Adenine 

l.N"-Etheno 

Human  liver 

0-14/10" 

[22] 

Cytosine 

3,N  -Etheno 

Human  liver 

0-26/10" 

[22] 

Thymine 

5.6-Glycol 

Human  placenta 

9/10" 

Farooq  et  al.,  unpublished  data 

O  -Ethyl 

Lung  (ex-smokers) 

1-7 /10s 

[23] 

AH  bases 

Bulky  (PAH)  adducts 

Human  lymphocytes 

1-5/10* 

[13] 
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ly  demonstrated.  (The  exception  to  the  latter 
statement  is  the  work  of  Qian  et  al.  [24],  where 
adducts  of  guanine  with  aflatoxin  B1  in  urine 
were  statistically  correlated  with  liver  tumour 
formation.  This  is  a  clear  demonstration  of  the 
potential  of  adduct  measurement  as  a  risk 
monitor.) 

The  existence  of  background  levels  of  adducts 
presumably  reflects  the  existence  of  a  ‘back¬ 
ground’  genetic  risk.  Human  DNA  appears  to  be 
constantly  alkylated  and  oxidatively  damaged, 
with  simultaneous  continuous  repair  of  the  modi¬ 
fied  bases.  The  result  is  a  plateau  low  level  of 
damage  in  ‘control’  DNA,  whose  magnitude  is 
dependent  on  the  efficacy  of  DNA  repair  pro¬ 
cesses.  For  8-hydroxyguanine  in  DNA,  the  back¬ 
ground  levels  increase  with  age  in  the  rat,  as 
DNA  repair  mechanisms  presumably  become 
less  efficient.  It  is  not  possible,  as  yet,  to  indicate 
the  size  of  the  genetic  hazard  caused  by  these 
background  levels  of  DNA  damage.  Each  adduct 
will  have  a  different  mutagenic  effectiveness,  and 
promotional  influences  may  be  instrumental  in 
governing  whether  or  not  the  lesion  is  detrimen¬ 
tal  to  the  cell.  However,  it  would  be  reasonable 
to  assume  that  populations  with  a  higher  level  of 
adducts  would,  as  a  group,  be  at  a  higher  risk  of 
acquiring  cancer. 
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Abstract 

Molecular  epidemiologic  research  involves  the  identification  of  relations  between  previous  exposure  to  some 
putative  causative  agent  and  subsequent  biological  effects  in  a  cluster  of  individuals  in  populations.  There  is 
intensive  current  research  in  the  field  of  molecular  epidemiology,  and  this  research  has  a  direct  impact  on  risk 
assessment  processes.  Many  of  the  challenges  facing  risk  assessors  today  can  be  addressed  by  research  focused  on 
developing  a  better  understanding  of  (a)  exposure  characteristics  or  assessment,  (b)  the  relationship  between 
exposure  and  dose,  and  (c)  the  ultimate  exposure/dose  effect  response  relationship.  Results  from  this  research  can 
be  used  to  design  and  implement  preventive  interventions  in  at  risk  populations.  Thus,  the  application  of  research 
in  exposure  assessment  and  molecular  epidemiology  to  risk  assessment  and  preventive  interventions  makes  this  a 
core  program  for  public  health. 

Keywords :  Molecular  epidemiology;  Molecular  biomarkers;  Carcinogenesis;  Exposure  assessment 


1.  Introduction 

Epidemiological  research  involves  the  identifi¬ 
cation  of  relationships  between  previous  expo¬ 
sure  to  some  putative  causative  agent  and  sub¬ 
sequent  biological  effects  in  a  cluster  of  indi¬ 
viduals  in  populations.  These  relationships  are 
frequently  difficult  to  fully  characterize  because 
of  difficulties  in  accuracy  quantifying  exposure, 
dose  and  effect.  Exposure  is  a  relationship  be¬ 
tween  a  chemical,  physical,  or  biological  agent 
and  an  individual  or  group  of  people  that  pro¬ 
vides  an  opportunity  for  delivery  of  the  agent 
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from  external  environment  to  internal  body. 
Dose  is  the  amount  of  agent  actually  deposited 
within  the  body.  Typically,  the  distinction  be¬ 
tween  exposure  and  dose  is  blurred,  although  in 
reality  the  same  exposure  may  lead  to  significant 
differences  in  dose.  Effect  is  the  biological  re¬ 
sponse  to  the  agent.  Methods  to  more  accurately 
and  sensitively  characterize  exposure,  dose  and 
effects  are  particularly  needed  in  research  involv¬ 
ing  environmentally  occurring  toxic  agents. 

Molecular  epidemiology  focuses  on  the  use  of 
biomarkers  in  epidemiologic  research.  Molecular 
biomarkers  are  typically  indicators  of  exposure, 
effect,  or  susceptibility  [1].  A  biomarker  of 
exposure  indicates  the  presence  (and  magnitude) 
of  previous  exposure  to  an  environmental  agent. 
Such  a  biomarker  may  be  an  exogenous  sub- 
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stance,  an  interactive  product  (e.g.  between  a 
xenobiotic  compound  and  endogenous  compo¬ 
nents),  or  other  indicator.  A  biomarker  of  effect 
indicates  the  presence  (and  magnitude)  of  a 
biological  response  to  exposure  to  an  environ¬ 
mental  agent.  Such  a  biomarker  may  be  an 
endogenous  component,  a  measure  of  the  func¬ 
tional  capacity  of  the  system,  or  an  altered  state 
recognized  as  impairment  or  disease.  A 
biomarker  of  susceptibility  indicates  an  unusual¬ 
ly  elevated  sensitivity  to  the  effects  of  an  en¬ 
vironmental  agent.  Such  a  biomarker  may  be 
the  unusual  presence  or  absence  of  an  endogen¬ 
ous  component,  or  an  unusual  functional  re¬ 
sponse  to  an  administered  challenge.  Biomar¬ 
kers  thus  offer  significant  potential  in  clarifying 
the  relationships  between  environmental  agents 
and  disease  [2]. 

The  development  of  putative  molecular 
biomarkers  for  environmental  agents  should  be 
based  upon  specific  knowledge  of  metabolism, 
interactive  product  formation,  and  general  mech¬ 
anisms  of  action  [3,4].  The  validation  of  any 
biomarker-effect  link  requires  parallel  ex¬ 
perimental  and  human  studies.  Ideally,  an  appro¬ 
priate  animal  model  is  used  to  determine  the 
associative  or  causal  role  of  the  marker  in  the 
disease  or  effect  pathway  and  to  establish  rela¬ 
tionships  between  dose  and  response.  The  puta¬ 
tive  marker  can  then  be  validated  in  pilot  human 
studies  where  sensitivity,  specificity,  accuracy, 
and  reliability  parameters  are  established  [5]. 
Data  obtained  in  these  studies  can  be  used  to 
assess  intra-  or  inter-individual  variability,  back¬ 
ground  levels,  relationship  of  the  marker  to  dose 
or  to  disease  status,  as  well  as  feasibility  for  use 
in  larger  population-based  studies.  It  is  important 
to  establish  a  connection  between  the  biological 
marker  and  exposure,  effect,  or  susceptibility.  To 
fully  interpret  the  information  that  the  marker 
can  provide,  prospective  epidemiological  studies 
may  be  necessary  to  demonstrate  the  role  that 
the  marker  plays  in  the  overall  pathogenesis  of 
the  disease  or  effect.  This  article  will  summarize 
some  of  the  global  principles  of  this  field  and  is 
adapted  from  a  more  detailed  article  that  has 
been  recently  published  [4]. 


2.  Environmental  exposure 

Environmental  agents  may  be  broadly  classi¬ 
fied  as  either  chemical,  physical,  or  biological  in 
character.  A  biomarker  of  exposure  would  ideal¬ 
ly  indicate  the  presence  and  magnitude  of  previ¬ 
ous  exposure  to  an  environmental  agent.  In  the 
absence  of  biomarkers,  an  assessment  of  expo¬ 
sure  typically  requires  measurement  of  toxicant 
levels  in  the  environment,  and  characterization 
of  the  individual’s  presence  in,  and  interaction 
with,  that  environment.  The  measurement  of 
toxicants  in  media  (e.g.  air,  water,  soil,  or  food) 
is  accomplished  by  a  wide  array  of  analytical 
methodologies.  Assessments  of  exposure  include 
questionnaires,  personal  external  monitors,  and 
measurements  of  chemicals  or  physical  agents  in 
the  ambient  environment.  Questionnaires  have 
been  extensively  used  to  determine  broad  dietary 
exposures  to  compounds,  smoking  histories,  and 
genetic  backgrounds  (in  the  context  of  suscep¬ 
tibility).  While  questionnaire  data  have  proven 
useful  in  some  circumstances  (e.g.  in  assessing 
current  smoking  status),  this  approach  is  very 
imprecise  for  measuring  other  exposures,  such  as 
those  occurring  through  diet,  where  the  knowl¬ 
edge  base  of  specific  dietary  chemical  agents  is 
still  limited. 

A  complexity  arising  from  the  use  of  ambient 
measurements  to  determine  exposure  status  of 
individuals  is  the  heterogeneous  nature  of  most 
environmental  contaminations.  It  is  rare  for  an 
agent  to  be  evenly  distributed  in  environmental 
media.  One  illustration  of  this  problem  is  the 
measurement  of  aflatoxin  levels  in  grains.  The 
distribution  of  aflatoxins  in  grains  is  very  uneven 
due  to  variable  patterns  of  mold  growth,  such 
that  the  sampling  procedure  used  to  determine 
aflatoxins  in  grains  often  results  in  a  greater  than 
100%  coefficient  of  variation  [6].  This  extensive 
variation  makes  it  very  difficult  to  precisely 
extrapolate  data  on  grain  contamination  to  an 
individual’s  exposure.  Given  these  problems,  the 
goal  for  the  development  of  specific  biomarkers 
to  assess  exposure  is  multifold,  and  must  include 
an  ability  to  integrate  multiple  portals  of  entry, 
integrate  fluctuating  exposures  over  time,  relate 
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time  of  exposure  to  dose,  and  examine  mech¬ 
anistically  important  biological  targets.  These 
requirements  assume  increased  relevance  when  it 
is  recognized  that  safety  regulations  designed  to 
limit  human  risk  are  often  set  on  the  basis  of 
ambient  exposure  determinations. 


3.  Internal  dose 

Given  the  problems  described  above  for  ex¬ 
trapolating  ambient  measurements  to  specific 
individual  exposures,  it  has  been  well-recognized 
that  measures  of  internal  dose  of  a  specific  agent 
provide  a  clearer  demonstration  that  a  toxicant 
has  been  absorbed  and  possibly  distributed  in  the 
body.  Many  direct  measurements  of  toxic  chemi¬ 
cals  or  their  metabolites  in  body  fluids  and 
excreta  (e.g.  blood,  urine,  feces,  milk,  amniotic 
fluid,  sweat,  hair,  nails,  saliva,  breath)  have  been 
done. 

The  measurement  of  the  body  burden  of  lead 
is  an  example  of  an  agent  acting  as  its  own 
biomarker.  It  is  well  established  that  blood  lead 
levels  reflect  recent  environmental  exposure  [7]. 
However,  some  manifestations  of  lead  toxicity, 
such  as  renal  dysfunction  or  diminished  neuro¬ 
psychological  performance,  correlate  better  with 
other  measures  of  body  burden,  such  as  bone  or 
tooth  levels.  Furthermore,  it  is  known  that  bone 
contains  over  90%  of  the  lead  body  burden  [8]. 
Thus,  the  body  burden  of  lead,  as  characterized 
by  bony  stores,  may  be  the  more  relevant  mea¬ 
sure  in  relating  ‘dose’  to  effect. 

In  an  attempt  to  directly  measure  bone  lead, 
X-ray  fluorescence  has  been  used  [9,10].  In  this 
approach,  an  external  radiation  source  is  used  to 
ionize  lead  atoms  in  bone.  This  ionization  pro¬ 
cess  leads  to  a  rearrangement  of  the  electrons 
orbiting  the  lead  nucleus,  which  in  turn  results  in 
emission  of  X-rays.  The  energies  of  these  so- 
called  fluorescent  X-rays  are  characteristic  for 
lead,  and  may  be  externally  detected.  By  careful 
calibration  of  the  system,  the  measured  X-ray 
intensity  may  be  converted  to  bone  lead  con¬ 
centration. 


4.  Biologically  effective  dose 

Internal  dose  measurements  provide  un¬ 
equivocal  identification  of  previous  exposures; 
however,  they  do  not  provide  evidence  that 
toxicologic  damage  has  occurred;  it  is  this  dam¬ 
age  that  possibly  results  in  cancer  or  other 
diseases.  Among  the  various  possible  biomarkers 
reflective  of  these  disease  endpoints,  the  mea¬ 
surement  of  carcinogen-DNA  and  protein  ad¬ 
ducts  is  of  significant  interest  because  they  are 
direct  products  of  (or  surrogate  markers  for) 
damage  to  critical  macromolecular  targets.  These 
adducts  result  from  the  covalent  interaction  of  a 
chemical  carcinogen  (or  its  metabolites)  with 
DNA  or  other  proteins. 

Many  different  types  of  analytical  techniques 
have  been  devised  to  measure  chemical-macro- 
molecular  adducts,  as  reviewed  by  Kaderlik  et  al. 
[11]  and  Wogan  [2].  These  techniques  have  been 
used  to  measure  composite  and  specific  DNA 
adducts  in  cellular  DNA  isolated  from  peripheral 
lymphocytes,  bladder  and  colonic  tissues,  as  well 
as  excreted  DNA  adducts  in  the  urine  of  humans 
exposed  to  environmental  toxicants.  In  addition, 
these  types  of  techniques  have  been  applied  in  a 
clinical  setting  to  examine  DNA  adducts  of 
people  undergoing  chemotherapy  with  alkylating 
agents,  in  an  attempt  to  associate  adduct  levels 
with  clinical  outcome  [12]. 

In  addition  to  monitoring  carcinogen-DNA  ad¬ 
ducts  in  situ  in  DNA,  the  eliminated  products  of 
these  adducts  can  be  determined  in  urine.  These 
urinary  biomarkers  have  been  especially  amenable 
to  comprehensive  validation  studies  [13].  One  ex¬ 
ample  of  these  studies  is  the  examination  of  the 
dose-dependent  excretion  of  urinary  aflatoxin 
biomarkers  in  rats  following  a  single  exposure  to 
aflatoxin  B1  (AFB1)  [14].  The  relationship  be¬ 
tween  AFB1  dose  and  the  excretion  of  the  major 
nucleic  acid  adduct,  AFB-N7-Gua,  over  the  initial 
24-h  period  following  exposure  demonstrated  an 
excellent  linear  correspondence  between  oral  dose 
and  excretion  of  a  biologically  relevant  metabolite 
in  urine.  In  contrast,  other  oxidative  metabolites, 
such  as  aflatoxin  PI  (AFP1),  revealed  no  linear  ex¬ 
cretion  characteristics. 
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Similar  techniques  have  been  used  for  the 
analysis  of  oxidative  damage  products  of  nucleic 
acids  excreted  in  urine  [15].  A  monoclonal  anti¬ 
body  that  recognizes  8-oxo-7,8-dihydro-2'-deox- 
yguanosine  was  isolated  and  used  in  the  prepara¬ 
tion  of  immunoaffinity  columns  to  facilitate  the 
isolation  of  these  damage  products  from  various 
biological  fluids.  Quantitative  analysis  of  these 
adducts  in  urine  of  rats  fed  a  nucleic  acid-free 
diet  suggests  that  this  is  the  principal  repair 
product  in  DNA  of  both  eukaryotes.  In  addition, 
excretion  of  oxidative  DNA  damage  products  in 
urine  has  been  correlated  to  dietary  antioxidant 
consumption  in  people  [16,17].  Thus,  these 
markers  may  eventually  be  used  to  assess  protec¬ 
tion  status  as  well  as  risk  in  people. 

A  wide  variety  of  aromatic  amines  and  polynu¬ 
clear  aromatic  hydrocarbons  has  been  found  to 
bind  at  high  levels  to  hemoglobin  following 
environmental  exposures  [18].  Indeed,  knowl¬ 
edge  regarding  chemical-hemoglobin  adducts  is 
much  more  extensive  than  for  chemical-DNA 
adducts.  These  chemical-protein  biomarkers 
have  been  particularly  well  characterized  for  the 
potent  bladder  carcinogen,  4-amino-biphenyl  (4- 
ABP).  One  recent  study  examined  the  relation¬ 
ship  between  exposure  to  environmental  tobacco 
smoke  and  levels  of  4-ABP-hemoglobin  adducts 
in  nonsmoking  pregnant  women  compared  to 
adduct  levels  in  those  women  who  smoked  dur¬ 
ing  pregnancy  [19].  A  questionnaire  on  smoking 
and  exposure  to  environmental  tobacco  smoke 
was  completed  by  pregnant  women  who  smoked 
cigarettes  and  those  who  did  not  smoke.  Samples 
of  maternal  blood  and  cord  blood  collected 
during  delivery  were  analyzed  for  4-ABP-hemo¬ 
globin  adducts  by  gas  chromatography  with  nega¬ 
tive  ion  chemical  ionization  mass  spectrometry. 
The  mean  adduct  level  in  smokers  was  approxi¬ 
mately  ninefold  higher  than  that  in  nonsmokers. 
Among  nonsmokers,  the  levels  of  4-ABP  adducts 
increased  significantly  with  increasing  environ¬ 
mental  tobacco  smoke  level.  This  relationship 
between  environmental  tobacco  smoke  exposure 
and  4-ABP-hemoglobin  adduct  levels  supports 
the  concept  that  environmental  tobacco  smoke  is 
a  probable  hazard  during  pregnancy. 

In  addition  to  hemoglobin  adduct  analyses, 


chemical  albumin  adducts  have  also  been  investi¬ 
gated,  in  particular  for  AFB1  exposures.  In 
recent  studies  conducted  in  The  Gambia,  West 
Africa,  a  strong  dose-response  relationship  was 
seen  [20],  similar  to  that  previously  reported  in 
China  [21].  From  a  practical  perspective  perti¬ 
nent  to  epidemiologic  studies,  the  measurement 
and  quantification  of  the  aflatoxin-serum  al¬ 
bumin  adduct  offers  a  rapid,  facile  approach  that 
can  be  used  to  screen  very  large  numbers  of 
people  [22].  Of  importance,  chemical-protein 
markers  offer  the  further  advantage  of  reflecting 
longer  exposure  periods  in  people  when  com¬ 
pared  to  urinary  adduct  markers. 


5.  Relationship  between  exposure  and  disease 
risk 

In  general,  the  most  rigorous  proof  of  an 
association  between  exposure  and  disease  out¬ 
come  is  found  in  prospective  epidemiological 
studies,  where  healthy  people  are  followed  until 
the  diagnosis  of  disease.  A  nested  case-control 
study,  initiated  in  1986  in  Shanghai,  examined 
the  relationship  between  markers  for  aflatoxin 
and  hepatitis  B  virus  (HBV)  and  the  develop¬ 
ment  of  liver  cancer  [23,24].  In  this  study,  over 
18  000  urine  samples  were  collected  from  healthy 
males  between  the  ages  of  45  and  64.  In  the 
subsequent  7  years,  50  of  these  individuals  de¬ 
veloped  liver  cancer.  The  urine  samples  for  cases 
were  age-matched  and  residence-matched  with 
controls,  and  analyzed  for  both  aflatoxin  biomar¬ 
kers  and  hepatitis  B  virus  surface  antigen  status. 
A  highly  significant  relative  risk  was  observed  for 
those  liver  cancer  cases  where  urinary  aflatoxins 
were  detected.  The  relative  risk  for  people  who 
tested  positive  for  the  HBV  surface  antigen  was 
about  eight,  but  individuals  with  both  urinary 
aflatoxins  and  positive  HBV  surface  antigen 
status  had  a  relative  risk  for  developing  liver 
cancer  of  about  60.  These  results  demonstrate  a 
relationship  between  the  presence  of  carcinogen- 
specific  biomarkers  and  cancer  risk.  Moreover, 
these  findings  provide  the  first  demonstration  of 
a  multiplicative  interaction  between  two  major 
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risk  factors  for  liver  cancer,  HBV  and  AFB1 
exposure.  Finally,  when  individual  aflatoxin  me¬ 
tabolites  were  stratified  for  liver  cancer  outcome, 
the  presence  of  AFB-N7-Gua  in  urine  always 
resulted  in  a  two-  to  threefold  elevation  in  risk  of 
developing  liver  cancer.  These  findings  extend 
the  conclusions  from  rodent  chemoprotection 
studies  that  monitoring  urinary  levels  of  this 
biomarker  may  be  appropriate  for  assessing 
individual  risk. 


6.  Biomarkers  of  effect 

Biomarkers  of  effect  represent  health  impair¬ 
ment,  or  an  event  predictive  of  subsequent 
health  impairment.  Health  impairment  includes 
functional  changes  or  the  occurrence  of  frank 
disease.  Events  predictive  of  subsequent  health 
impairment  include  sub-cellular  changes  and  sub- 
clinical  functional  changes. 

A  major  endpoint  frequently  studied  in  en¬ 
vironmental  health  research  is  cancer.  In  the 
context  of  biomarkers,  it  is  helpful  to  think  of 
clinical  cancer  as  the  final  stage  of  a  multistage 
carcinogenesis  process  [25,26].  The  process  starts 
with  exposure  to  a  putative  environmental  car¬ 
cinogen  (e.g.  a  biological  agent  like  a  virus,  a 
chemical  agent  like  benzene,  or  a  physical  agent 
like  ionizing  radiation),  and  progresses  through 
initiation  (involving  a  genetic  change  which  re¬ 
sults  in  an  initiated  cell),  promotion  (involving 
defects  in  terminal  differentiation  or  growth 
control  that  result  in  a  pre-neoplastic  lesion), 
conversion  (involving  activation  of  proto-on¬ 
cogenes  like  ras  or  inactivation  of  tumor  suppres¬ 
sor  genes  like  p53  that  result  in  a  malignant 
tumor),  which  leads  to  clinically  manifest 
(‘frank’)  cancer. 

The  increasing  mechanistic  understanding  of 
the  genetic  alterations  that  underlie  the  pro¬ 
gression  from  initiation  to  clinical  cancer  in  the 
process  of  carcinogenesis  has  permitted  the  ini¬ 
tial  development  of  sensitive  tests  for  diagnosis 
of  oncogenes  and  tumor  suppressor  gene  ac¬ 
tivities.  For  example,  there  have  been  many 
recent  studies  of  the  tumor  suppressor  gene,  p53, 


the  most  commonly  mutated  gene  detected  in 
human  cancers.  The  number  and  type  of  muta¬ 
tions  in  this  gene  are  not  equally  distributed,  but 
occur  in  specific  hotspots  that  vary  with  tumor 
type  [27].  Different  patterns  in  mutation  type 
between  tumors  may  be  consistent  with  different 
etiologies  for  the  specific  tumor  types.  For  exam¬ 
ple,  several  independent  studies  of  p53  mutations 
in  hepatocellular  carcinomas  occurring  in  popu¬ 
lations  exposed  to  aflatoxin  found  high  frequen¬ 
cies  of  guanine  to  thymine  transversions,  with 
clustering  at  codon  249  [28,29].  On  the  other 
hand,  studies  of  p53  mutations  in  liver  tumors 
from  Japan  and  other  areas  where  there  is  little 
exposure  to  aflatoxin  revealed  no  mutations  at 
codon  249  [30].  These  data  have  been  recently 
confirmed  in  follow-up  studies  in  different  popu¬ 
lations  [31].  In  the  future,  it  may  be  possible  that 
the  mutational  spectrum  in  a  target  gene  such  as 
p53  can  serve  as  a  marker  of  exposure  to,  and 
indicate  damage  from,  specific  classes  of  environ¬ 
mental  agents. 

Detectable  genetic  changes  in  specific  on¬ 
cogenes  may  also  prove  useful  as  an  aid  in 
diagnosis.  Recent  data  indicate  that  the  specific 
mutations  in  the  K-ras  oncogene  in  colon  tumors 
of  an  individual  can  be  detected  in  the  shed 
colonic  cells  found  in  the  stool  of  patients  with 
colorectal  tumors  [32].  In  these  experiments,  ras 
mutations  were  detected  in  the  stools  of  eight  out 
of  nine  patients  with  tumors  exhibiting  this 
mutation,  but  were  found  in  none  of  the  stools  of 
the  patients  whose  tumor  did  not  express  this 
mutation.  These  methods  may  now  have  a  direct 
application  to  the  identification  of  people  with 
early  stage  disease.  A  particularly  compelling 
example  is  that  of  Hubert  H.  Humphrey,  who 
died  of  bladder  cancer  in  1978.  Analysis  of  urine 
samples  from  1967,  when  he  first  presented  with 
hematuria,  disclosed  the  presence  of  a  p53  muta¬ 
tion  in  a  number  of  the  cells  present  [33].  This 
mutation,  a  transversion  from  adenine  to 
thymine  in  codon  227  of  the  p53  gene,  was 
identical  to  that  found  in  a  fixed  tissue-block 
specimen  of  Humphrey’s  infiltrative  transitional¬ 
cell  bladder  carcinoma,  obtained  in  1976.  Of 
major  importance,  no  diagnosis  was  established 
in  1967,  and  Humphrey  was  followed  with  cystos- 
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copy  every  6  months.  A  definitive  diagnosis  of 
cancer  was  not  established  until  1973,  fully  6 
years  after  p53  mutations  were  already  present. 


7.  Future  directions 

To  date,  many  studies  of  individual  molecular 
biomarkers  in  experimental  animals  and  human 
populations  have  been  undertaken.  These  in¬ 
vestigations  show  that  many  markers  serve  as 
indicators  of  exposure  or  dose,  or  as  indicators  of 
the  development  of  altered  structure,  function,  or 
disease,  or  as  indicators  of  possible  susceptibility 
to  disease.  The  major  challenge  facing  this  field  is 
the  ability  to  link  exposure  markers  to  a  toxi¬ 
cological  effect.  Currently,  it  is  only  through 
supposition  that  this  linkage  is  made.  Even  in 
those  cases  where  all  of  the  data  are  consistent 
with  a  specific  etiological  agent  and  mutagenic 
event,  such  as  with  aflatoxin  and  p53  mutations, 
the  specific  information  required  to  ‘tie  every¬ 
thing  together’  remains  to  be  elucidated.  Such 
information  will  eventually  be  gleaned  from  both 
experimental  studies  and  molecular  epi¬ 
demiological  investigations  in  human  popula¬ 
tions.  Thus,  the  continued  rapid  development  of 
the  technologies  used  in  molecular  epidemiology 
should  lead  to  more  accurate  exposure  assess¬ 
ment  as  well  as  the  development  of  effective 
intervention  strategies.  These  marker  studies  will 
also  improve  and  refine  the  ability  to  identify 
susceptible  populations,  thereby  increasing  the 
power  of  epidemiologic  investigations.  Finally, 
these  tools  should  quickly  evolve  to  be  valuable 
in  the  policy  and  regulatory  setting  by  helping  to 
more  accurately  characterize  the  relationship 
between  exposure  and  effects  in  people. 
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Abstract 

Recent  progress  in  biomonitoring  allows  measurement  of  internal  exposure  of  individuals  ranging  from 
occupational  and  life  style  exposures  to  environmental  levels.  Ten  specific  hemoglobin  adducts  generated  by 
polycyclic  and  monocyclic  nitro-arenes  were  measured  in  coke  oven  workers  and  residents  living  on  ground 
contaminated  with  explosive  wastes,  respectively.  Consistently,  adducts  were  found  in  most  ‘exposed  as  well  as 
control  individuals,  interindividual  variation  being  great.  Adduct  levels  in  the  majority  of  exposed  individuals  were 
within  the  range  of  reference  values  (95  percentile).  Although  hemoglobin  adduct  levels  do  not  directly  reflect 
genotoxic  potential  and  potency  of  the  parent  compounds,  they  correlate  with  the  biologically  active  dose.  On  the 
basis  of  such  target  doses,  the  contribution  of  specific  exposures  relative  to  ‘background’  and  to  related  chemicals 
can  be  assessed.  The  impact  of  ‘relative  risk’  on  risk  perception  and  risk  management  is  to  provide  a  rationale  for 
the  application  of  the  ALARA  principle  (As  Low  As  Reasonably  Achievable). 

Keywords:  Hemoglobin  adducts;  Exposure  control;  Risk  assessment;  Amino-arenes;  Nitro-arenes 


1.  Introduction 

The  public  is  greatly  concerned  about  expo¬ 
sures  to  genotoxic  carcinogens.  Since  threshold 
levels,  by  definition,  cannot  be  scientifically  de¬ 
termined,  methods  for  setting  tolerance  levels 
are  needed,  and  those  that  are  applied  are 
strongly  debated.  Cancer  risk  can  be  quantified 
on  the  basis  of  epidemiological  data  only  in  a  few 
cases.  Therefore,  results  obtained  from  animal 
experiments  are  used  to  establish  an  exposure 
level  associated  with  an  incidence  of  one  addi- 
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tional  tumor  in  105  or  106  individuals,  which  was 
decided  to  be  tolerable.  The  calculation  is  often 
based  on  a  ‘unit  risk’,  which  is  defined  as  the 
number  of  tumor  cases  caused  by  an  exposure  to 
1  /xg/m3  in  the  environmental  air  for  a  life  time 
(70  years).  This  concept  requires  a  number  of 
assumptions  and  transfer  steps  that  are  all  associ¬ 
ated  with  great  uncertainties  such  that  the  figures 
obtained  at  the  end  are  uncertain  by  several 
orders  of  magnitude.  In  addition  to  the  open 
question  whether  animals  predict  human  carcino¬ 
genesis,  the  following  problems  are  to  be  consid¬ 
ered:  (1)  dose-response  relationships  are  based 
on  external  exposure,  (2)  high  doses  are  mostly 
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encountered  and  have  to  be  extrapolated  down 
to  environmental  exposures  usually  over  several 
orders  of  magnitude,  (3)  species  differences  are 
simply  dealt  with  by  referring  to  the  most  sensi¬ 
tive  species  as  relevant  for  man,  (4)  interin¬ 
dividual  human  variability  cannot  be  accounted 
for,  (5)  synergistic  effects  with  other  related  or 
unrelated  risk  factors  are  not  considered.  The 
introduction  of  safety  or  uncertainty  factors 
certainly  does  not  improve  the  scientific  basis  of 
the  concept. 

The  target  dose  concept  [1]  leads  to  an  alter¬ 
native  approach.  Measuring  the  biologically  ac¬ 
tive  dose  or  a  relevant  equivalent  of  it  in  humans 
reduces  or  even  avoids  the  problems  mentioned: 
(1)  in  contrast  to  the  external  dose,  not  only  the 
internal  dose  is  measured,  but  also  the  more 
relevant  metabolically  activated  part  of  it,  (2) 
low  dose  exposures  are  directly  determined  as 
they  occur  in  real  life  situations,  (3)  the  data  are 
obtained  from  the  relevant  species,  i.e.  man,  (4) 
interindividual  variability  is  observed  and  causes 
can  be  studied,  and  (5)  the  problem  of  plurifac- 
torial  exposures  can  be  approached. 

The  biologically  active  dose  of  genotoxic  car¬ 
cinogens  is  best  represented  by  the  level  of 
adducts  formed  between  reactive  metabolites 
and  macromolecules  such  as  DNA  and  proteins. 
Most  biomonitoring  procedures  to  date  use 
lymphocyte  DNA  or  hemoglobin  in  erythrocytes 
as  substitutes  for  the  true  target,  but  it  is  quite 
conceivable  -  and  has  been  demonstrated  in 
certain  cases  -  that  adduct  formation  in  these 
substitute  targets  correlates  well  with  that  in 
critical  targets  [2-4]. 

Monitoring  of  biochemical  effect  in  human 
populations  is  increasingly  performed,  mostly  in 
occupational  settings,  and  has  undoubtedly  im¬ 
proved  exposure  control.  From  there  to  risk 
assessment  is  a  big  step,  but  the  results  suggest 
ways  of  assessing  relative  risks  that  may  help  to 
put  risk  perception  on  a  more  rationale  basis  and 
may  assist  the  management  of  practical  situa¬ 
tions.  Last  but  not  least,  the  accumulating  human 
biomonitoring  data  will  eventually  provide  the 
basis  for  a  better  risk  assessment. 

Since  our  experience  is  with  hemoglobin  ad¬ 
ducts  generated  by  amino-  and  nitro-arenes,  we 


will  concentrate  on  these  examples  to  develop 
the  above  points  in  more  detail. 


2.  The  biologically  active  dose  of  amino-  and 
nitro-arenes 

Monocyclic  and  polycyclic  amino-  and  nitro- 
arenes  occur  not  only  in  certain  occupational 
situations,  but  also  in  food,  and  they  seem  to  be 
ubiquitous  environmental  chemicals.  Many  of 
them  are  classified  or  suspected  human  or  animal 
carcinogens  [5].  Both  types  of  chemicals  are 
metabolically  activated  to  ultimate  genotoxic 
metabolites:  the  amines  by  N-oxidation  and 
conjugation  of  the  resulting  hydroxylamines  or 
hydroxamic  acids  [6],  the  nitro-arenes,  among 
others,  by  reduction  of  the  nitro-group  to  enter 
into  the  same  metabolic  pathways  [7].  A-hy- 
droxyamino-arenes  may  be  considered  the  com¬ 
mon  precursors  for  the  reaction  with  DNA 
leading  to  a  promutagenic  lesion,  which  in  many 
cases  is  a  C-8  adduct  of  guanine.  Another  com¬ 
mon  metabolite  is  the  nitroso-derivative,  which  is 
formed  by  oxidation  of  the  above  A-hydroxy- 
amino-arene  and  reacts  with  SH-groups  to  yield 
a  sulfinamide.  Oxidation  and  the  reaction  with 
SH-groups  of  hemoglobin  occur  predominantly 
in  erythrocytes  in  the  course  of  methemoglobin 
formation  [8-10].  The  hemoglobin  adducts  are 
usually  stable  in  vivo  and  can  readily  be  used  as  a 
dose  monitor  (Fig.  1). 

For  this  purpose  hemoglobin  is  precipitated 
from  erythrocyte  lysates,  the  sulfinamide  is  hy¬ 
drolyzed  under  mild  alkaline  conditions,  and  the 
released  amine  is  extracted  and  quantified  by 
HPLC  with  UV-,  electrochemical  or  fluorescence 
detectors,  or,  particularly  with  the  low  adduct 
levels  present  in  human  blood  samples,  after 
derivatization  by  gas  chromatography-mass  spec¬ 
trometry  (in  the  NCI  mode).  This  method  has 
several  advantages.  A  5-  to  10-ml  sample  of 
blood  is  usually  sufficient  for  analysis.  The  life 
time  of  erythrocytes  is  120  days  in  humans,  i.e. 
steady  state  adduct  levels  from  exposures  over 
the  last  3-4  months  are  measured.  The  adduct 
forming  chemical  is  identified  by  its  retention 
time  in  the  gas  chromatogram  and  by  its  mass  in 
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Fig.  1.  Simplified  scheme  of  the  metabolic  activation  of 
amino-  and  nitro-arenes  and  the  formation  of  DNA  and 
hemoglobin  adducts.  R  may  be  -acetyl  or  -S03H. 


the  so  called  target  tissue,  but  also  in  most  if  not 
all  other  tissues  [11,12].  In  at  least  one  example, 
we  have  also  shown  that  two  amino-arenes, 
frans-4-acetylaminostilbene  and  2-acetylamino- 
fluorene,  act  synergistically  as  tumor  initiators, 
despite  the  fact  that  they  have  different  target 
tissues  and  form  different  types  of  DNA  adducts 
[13,14].  We  conclude  from  these  results,  that  at 
least  within  these  two  classes  of  chemicals, 
amino-  and  nitro-arenes,  the  total  exposure  and 
the  resulting  total  load  of  DNA  lesions  deter¬ 
mine  the  number  of  initiated  cells  and  thus  an 
essential  prerequiste  of  tumor  formation.  Target 
tissue  and  latency  period,  however,  may  be  more 
severely  influenced  by  acute  and  chronic  toxic 
effects.  Such  effects  may  be  produced  by  the 
chemical  itself  or  by  other  risk  factors. 


the  mass  spectrum.  The  adduct  levels  represent 
an  integral  measure  not  only  over  time  but  also 
from  different  environmental  sources.  Moreover, 
the  adducts  of  more  than  one  chemical  can  be 
determined.  The  adducts  represent  an  equivalent 
for  the  bioavailability  of  critical  metabolites,  the 
A-hydroxyamino-arenes,  and  thus  correlate  with 
the  biologically  active  dose. 

A  disadvantage  may  be  that  one  cannot  decide 
whether  the  individual  was  exposed  to  the  re¬ 
spective  amino-  or  the  nitro-arene  or  both.  Con¬ 
sidering,  however,  that  both  types  of  arene 
derivatives  may  lead  to  the  same  critical  DNA 
lesion,  the  adduct  level  represents  a  correlate  for 
the  total  formation  of  this  particular  DNA  lesion, 
which  is  the  most  relevant  information  for  risk 
assessment.  Another  question  regards  the  expo¬ 
sure  to  mixtures  of  these  chemicals  or  the  expo¬ 
sure  to  chemicals  of  this  type  in  different  situa¬ 
tions.  If,  for  instance,  aniline  is  the  cleavage 
product  of  the  hemoglobin  adduct,  exposures 
may  have  been  to  nitrobenzene  in  the  work  place 
or  from  automobile  exhausts,  to  aniline  from 
active  or  passive  smoking,  to  pesticide  contami¬ 
nation  in  food,  or  to  azo-dyes  absorbed  from 
textiles.  The  same  sources  provide  a  number  of 
other  related  and  more  hazardous  chemicals. 
They  are  all  expected  to  contribute  to  risk.  We 
have  shown  previously  that  DNA  and  protein 
adducts  are  formed  by  amino-arenes  not  only  in 


3.  Nitro-arenes  as  indicators  for  exposure  to 
pyrolysis  products 

The  carcinogenic  properties  of  tars  and  coke 
oven  emissions  are  generally  attributed  to  the 
content  of  polycyclic  aromatic  hydrocarbons 
(PAH)  [5].  Benzo[tf]pyreue  is  most  often  used  as 
a  representative  marker  of  exposure,  and  its 
DNA  adducts  in  lymphocytes  are  used  for  bio¬ 
chemical  effect  monitoring.  Nitro-PAH  may  also 
be  present  in  pyrolysis  products,  and  many  of 
them  are  strong  mutagens.  They  are  also  car¬ 
cinogenic,  but  their  contribution  to  the  car¬ 
cinogenic  potency  of  such  mixtures  is  not  clear. 
We  proposed  the  use  of  hemoglobin  adducts  of 
such  nitro-PAH  as  exposure  markers  and  partici¬ 
pated  in  a  collaborative  study  of  coke  oven 
workers,  in  which  several  biochemical  and  bio¬ 
logical  markers  were  analyzed  [15]. 

We  selected  five  representative  mono-nitro- 
PAH  for  adduct  analysis:  1-nitropyrene,  2-nitro- 
fluorene,  9-nitrophenanthrene,  3-nitrofluoran- 
thene,  and  6-nitrochrysene.  Coke  oven  workers 
were  assigned  to  three  different  job  categories: 
(1)  working  in  the  bottom  area  (A  =  18),  (2)  in 
the  middle,  i.e.  the  bench  area  ( A  =  71),  and  (3) 
at  the  top  side  (. A  =  12).  Controls  were  selected 
from  the  same  area,  but  not  associated  with  the 
company.  Blood  samples  were  processed,  the 
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Table  1 


Biomonitoring  of  coke  oven  workers  hemoglobin-adducts. 
Percentage  with  detectable  levels  of  adducts 


Exposed 
(N  =  102) 

Controls 
(A  =  19) 

1-Aminopyrene 

95 

89 

2-Aminofluorene 

91 

58 

9-Aminophenanthrene 

89 

53 

3-Aminofluoranthene 

56 

32 

6-Aminochrysene 

51 

21 

adducts  hydrolyzed  and  the  respective  amino- 
arenes  derivatized  with  pentafluoropropionic 
acid  anhydride  and  analysed  with  a  Hewlett 
Packard  5988  GC-MS.  Deuterated  9-aminoanth- 
racene  served  as  an  internal  standard.  The  re¬ 
covery  of  each  of  the  five  amino-arenes  was 
78-89%,  and  the  detection  limit  was  0. 1-0.4  fg. 

All  five  cleavage  products  from  hemoglobin 
adducts  were  detected  to  various  degrees  in 
exposed  and  control  individuals  (Table  1).  Sur¬ 
prisingly,  1-aminopyrene  was  found  in  practically 
all  samples  from  exposed  workers  and  controls, 
although  in  different  amounts.  Since  1-amino¬ 
pyrene  was  the  most  abundant  cleavage  product, 
it  will  be  discussed  first  as  an  exposure  indicator. 
The  box  plots  (Fig.  2)  show  on  a  group  basis  that 
there  is  exposure  at  the  work  place,  and  this 


Biomonitoring  of  Coke  Oven  Workers 

Hb-Adducts  of  1-Aminopyrene 


o 

E 


2 


da  EE! 

Controls  Bottom  Bench  Top  Side 

<N=19)  (N  =  1 8)  (N=71)  (N  =  12) 

Fig.  2.  Biomonitoring  of  coke  oven  workers  by  measuring  the 
hydrolysable  hemoglobin  adducts  generated  by  1-nitro- 
pyrene.  Shown  are  box  plots  indicating  mean  and  median 
(waist)  values  as  well  as  the  95  percentile  of  controls  and 
workers  split  into  three  different  job  categories. 


i  | 


_ 


exposure  is  significantly  higher  in  the  bottom 
area  of  the  coke  oven  than  in  controls  and  those 
working  at  the  bench  area.  Exposure  of  top  side 
workers  is  intermediate.  With  regard  to  the  risk 
that  might  be  associated  with  the  occupational 
exposure,  however,  it  is  much  more  interesting  to 
look  at  the  biologically  active  dose  at  the  in¬ 
dividual  level  (Fig.  3).  Sixty  percent  of  the  blood 
samples  from  bottom  workers  lie  within  the  95 
percentile  of  the  controls,  if  that  is  taken  as  a 
reference  value.  Only  the  remaining  6-7  indi¬ 
viduals  above  this  cut  off  value  may  be  consid¬ 
ered  at  higher  risk  than  the  controls.  Moreover, 
the  adduct  levels  of  these  individuals  vary  con¬ 
siderably,  and  one  would  like  to  know  the 
reasons  for  that.  Are  the  high  values  due  to 
excessive  external  exposure?  This  would  be  pre¬ 
ventable.  Are  they  due  to  life  style  factors?  The 
smoking  status  was  considered  but  did  not  corre¬ 
late  with  adduct  levels.  Are  they  due  to  the 
individuals  toxicokinetics?  This  could  be  tested 
by  genotyping  for  relevant  enzyme  polymor¬ 
phisms. 

Similar  results  were  obtained  with  all  five 
nitro-PAH.  Consistent  adduct  patterns  within  the 
groups  were  not  seen,  i.e.  a  job-specific  pattern 
could  not  be  identified.  The  differences  between 
individuals,  however,  suggest  that  the  metabolic 
capacity  may  indeed  play  a  significant  role.  When 
the  adduct  levels  from  all  five  adducts  are  added, 


Biomonitoring  of  Coke  Oven  Workers 
Distribution  of  Hb-Adducts  of  1-Aminopyrene 


Fig.  3.  Distribution  of  the  hydrolysable  adduct  level  gener¬ 
ated  by  1-nitropyrene.  Individuals  with  adduct  levels  above 
the  reference  value  are  considered  to  be  site-specifically 
exposed. 


H.-G.  Neumann  et  al.  f  Toxicology  Letters  82183  (1995)  771-778 


775 


Biomonitoring  of  Coke  Oven  Workers 

Hb-Adducts,  total  of  5  Amines 


Controls  Bottom  Bench  Top  Side 

(N  =  19)  (N  =  1 8)  (N  =  71 )  (N  =  12) 


Fig.  4.  Biomonitoring  of  coke  oven  workers  by  measuring 
hydrolysable  hemoglobin  adducts.  Values  represent  the  sum 
of  five  specific  cleavage  products  from  polycyclic  nitro-arenes. 

the  picture  is  very  similar  to  that  of  5-amino- 
pyrene  (Fig.  4). 

Biochemical  effect  monitoring  of  coke  oven 
workers  exemplifies  relatively  high  exposures. 
Further  work  is  necessary  to  demonstrate  the 
suitability  for  routine  monitoring  of  exposures  to 
pyrolysis  products  by  such  hemoglobin  adducts 
as  compared  to  the  analysis  of  benzo[tf]pyrene- 
DNA  or  other  adducts.  An  example  for  low  level 
exposures  was  studied  in  individuals  living  in  an 
area  of  former  production  and  use  of  explosives. 

4.  Monocyclic  nitro-arenes  as  indicators  of 
exposure  to  explosives 

Areas  of  production  and  use  of  trinitrotoluene 
(TNT)-based  explosives  from  World  War  I  and  II 
are  still  contaminated  considerably  with  waste 
material.  The  appearance  of  contaminants  in 
groundwater  creates  a  general  problem  of  en¬ 
vironmental  pollution,  but  the  residents  are  pri¬ 
marily  concerned  about  the  risk  involved  with 
direct  exposures  from  their  environment  [16,17]. 

2,4,6-TNT  was  the  predominant  explosive 
used,  but  the  waste  contains  a  whole  mixture  of 
byproducts  from  its  synthesis.  The  four  most 
abundant  nitro-arenes  after  2,4,6-TNT  (38%  of 
samples)  found  in  soil  from  one  of  those  areas 


are  2,4-dinitrotoluene  (2,4-DNT;  16%),  4-amino- 

2.6- dinitrotoluene  (16% ),  2-amino-4,6-dinit- 
rotoluene  (14%),  and  2,6-dinitrotoluene  (13%). 
The  content  in  soil  varies  from  a  detection  level 
of  10-50  fig  to  1  g/kg  dry  weight.  These  chemi¬ 
cals  were  also  found  in  73-84%  of  groundwater 
samples,  except  2,6-DNT. 

The  five  most  frequently  occurring  monocyclic 
nitro-arenes  are  mutagenic  and  either  car¬ 
cinogenic  in  experimental  animals  (2,4,6-TNT, 
2,4-DNT,  2,6-DNT)  or  suspected  of  being  car¬ 
cinogenic.  2,6-DNT  is  a  comparatively  strong 
liver  carcinogen  in  the  rat  [18].  An  increased 
incidence  of  liver  cancers  among  munition  work¬ 
ers  [19]  and  an  increased  risk  for  leukemia  in 
people  from  a  contaminated  area  [20]  have 
recently  been  published.  The  widely  discussed 
questions  therefore  are:  what  is  the  risk  of 
developing  cancer  for  individuals  living  in  such 
an  area?  What  concentrations  of  contaminants  in 
soil  should  be  tolerated? 

Sophisticated  calculations  have  been  per¬ 
formed  to  estimate  the  uptake  under  real  life  or 
worst  case  situations.  But  the  more  important 
question:  how  much  is  indeed  taken  up,  has  not 
been  approached  for  a  long  time.  We  proposed 
that  this  relevant  information  can  be  obtained  by 
measuring  hemoglobin  adducts.  In  an  initial 
study,  we  have  now  analysed  blood  samples  for 
adduct  formation  of  the  five  most  abundant 
nitro-arenes  mentioned  above  plus  1,3-dinit¬ 
robenzene.  With  polyfunctional  nitro-arenes,  the 
situation  is  more  complicated,  since  more  than 
one  nitroso  derivative  can  be  formed  metaboli- 
cally  depending  on  which  or  how  many  nitro 
groups  are  reduced  and  further  metabolized.  In 
this  study,  we  analyzed  only  those  adducts  re¬ 
sulting  from  metabolites  in  which  only  one  nitro- 
group  was  reduced,  i.e.  for  2-amino-4,6-dinit- 
rotoluene  and  4-amino-2,6-dinitrotoluene  from 

2.4.6- TNT,  2-amino-4-nitrotoluene  and  4-amino- 
2-nitrotoluene  from  2,4-DNT,  2-amino-6-nitro- 
toluene  from  2,6-DNT,  and  l-amino-3-nitroben- 
zene  (3-nitroaniline)  from  1,3-DNB. 

Blood  samples  from  34  potentially  exposed 
individuals  and  34  controls  were  processed  and 
analyzed  for  the  six  cleavage  products  men¬ 
tioned.  Except  for  l-amino-3-nitrobenzene,  all 
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Table  2 


Biomonitoring  of  monocyclic  nitro-arenes  from  contamination  with  explosives 


Nitro-arene 

Cleavage  products 
from  Hb-adducts 

%  Detected 

Cases 
(N  =  34) 

Controls 
(TV  =  34) 

2,4,6-TNT 

2-Amino-4,6-DNT 

50 

53 

4- Amino-2, 6-DNT 

35 

27 

2,4-DNT 

2-Amino-4-NT 

35 

47 

4-Amino-2-NT 

76 

76 

2,6-DNT 

2-Amino-6-NT 

91 

100 

1.3-DNB 

l-Amino-3-NB 

0 

0 

the  other  amines  were  detected  in  at  least  part  of 
the  samples  (Table  2).  Most  surprisingly,  the 
amino-nitrotoluenes  were  found  at  the  highest 
levels,  and  there  was  no  difference  between 
potentially  exposed  and  controls  (Fig.  5).  In 
particular,  2-amino-6-nitrotoluene  was  present  in 
all  control  samples.  The  amino-nitrotoluenes  are 
therefore  not  suitable  as  markers  for  exposure  to 
explosive  wastes.  Even  the  two  amino-dinit- 
rotoluenes  were  detected  in  controls.  There  was, 
however,  a  difference  between  exposed  and 
controls,  which  in  the  case  of  4-amino-2,6-di- 
nitrotoluene  is  signficant  at  the  P  =  0.05  level 


Biomonitoring  of  Nitroarenes 
Hb-Adducts  of  Aminonitrotoluenes 


C  2A6NT  WS  2A6NT  C  4A2NT  WS  4A2NT  C  2A4NT  WS  2A4NT 
2-Amrno-6-nitroto!uene  4-Amino-2-n  itro toluene  2-Amino-4-nitrotol  jene 


Fig.  5.  Biomonitoring  of  residents  living  in  an  area  with 
contaminated  soil  from  explosive  wastes  and  controls.  Shown 
are  box  plots  of  values  obtained  by  hydrolysis  of  hemoglobin 
adducts  from  monocyclic  nitro-arenes,  2,6-  and  2,4-dinit- 
rotoluene.  The  cleavage  products  are  2-amino-6-nitrotoluene, 
4-amino-2-nitrotoluene,  and  2-amino-4-nitrotoluene. 


(Fig.  6).  This  suggests  some  explosive-related 
environmental  exposure. 

As  in  our  first  example  for  coke  oven  workers, 
the  adduct  levels  of  most  of  the  exposed  in¬ 
dividuals  are  within  the  95  percentile  of  controls 
and  the  interindividual  variation  is  great.  In  this 
instance,  only  one  individual  had  higher  adduct 
levels  than  the  control  with  the  highest  value. 
The  same  is  true  for  the  sum  of  the  amino- 
nitrotoluenes.  The  answer  to  the  first  question 
then  is:  there  might  be  some  explosive-related 
exposure,  but  an  increment  to  risk  cannot 
reasonably  be  derived,  because  exposures  to 


Biomonitoring  of  Nitroarenes 
Hb-Adducts  of  Aminodinitrotoluenes 


Fig.  6.  Biomonitoring  of  residents  living  in  an  area  with 
contaminated  soil  from  explosive  wastes  and  controls.  Shown 
are  the  results  for  2,4,6-trinitrotoluene  or  its  mono-reduction 
products,  4-amino-2,6-dinitrotoluene  and  2-amino-4,6-dinit- 
rotoluene,  which  are  also  the  cleavage  products  from  the 
hemoglobin  adducts.  The  difference  between  groups  is  signifi¬ 
cant  at  the  P  =  0.05  level. 


pmol/g  Hb 


H.-G.  Neumann  et  al.  /  Toxicology  Letters  82/83  (1995)  771-778 


111 


Biomonitoring  of  Nitroarenes 
Hb'Adducts  of  Aminonitro-  and  Aminodinitrotoluenes 


Fig.  7.  Comparison  of  exposures  to  dinitro-  and  trinitro¬ 
toluenes.  The  results  for  the  three  amino-nitrotoluenes  (Fig. 
5)  and  the  two  amino-dinitrotoluenes  (Fig.  6)  were  added 
and  plotted  at  the  same  scale. 

DNTs  are  much  higher  and  not  explosive-related 
(Fig.  7). 

One  can  only  speculate  about  the  sources  of 
the  high  ‘background’  of  nitro-PAH  at  the  pres¬ 
ent  time.  Drinking  water  and  air  contamination 
from  atmospheric  reactions  and  automobile 
exhaust  come  to  mind.  Before  this  is  clarified,  it 
makes  little  sense  to  talk  about  setting  tolerance 
values  for  the  contaminants  in  soil  and  to  spend 
money  for  costly  purification  procedures  to  con¬ 
form  with  them.  The  advice  to  risk  managers  on 
the  basis  of  these  results,  which  should  be  con¬ 
firmed  in  another  site,  would  be  to  look  for  the 
unknown  sources  of  monocyclic  nitro-PAH  first, 
then  to  find  out  whether  they  are  avoidable,  and 
only  thereafter  to  consider  to  what  extent  the  soil 
has  to  be  purified  to  minimize  exposure  reason¬ 
ably. 


5.  Conclusions 

Hemoglobin  adducts  of  nitro-arenes  are  suit¬ 
able  markers  for  exposure  control,  and  the  meth¬ 
od  is  sensitive  enough  to  detect  background 
levels  in  real  life  situations.  Unexpectedly,  high 
background  levels  were  found  in  two  different 
exposure  situations  which  calls  for  more  atten¬ 
tion  to  identify  the  sources  and  to  examine 


possibilities  for  reducing  exposure.  The  general 
finding  of  background  levels  for  most  studied 
individual  chemicals  (11  in  the  two  studies  de¬ 
scribed)  emphasizes  the  need  for  a  more  collec¬ 
tive  approach  in  risk  assessment.  It  seems  neces¬ 
sary  to  assess  the  exposure  not  only  of  one 
particular  chemical  but  of  classes  of  related 
chemicals,  like  amino-  and  nitro-arenes.  The 
target  dose  concept  allows  a  better  estimate  of 
the  contribution  of  individual  chemicals  to  the 
total  load  and  of  specific  exposures  to  the  general 
background.  It  is  suggested  that  exposures  to 
genotoxic  carcinogens  are  minimized  according 
to  the  ALARA-principle  (As  Low  As  Reason¬ 
ably  Achievable),  based  on  the  contribution  of 
that  specific  exposure  relative  to  background  and 
to  related  chemicals,  i.e.  the  relative  risk  based 
on  measuring  target  doses. 
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Abstract 

The  ability  of  naloxone  and  flumazenil  to  reverse  serious  toxicity  due  to  their  respective  agonists  is  well  known. 
Their  adverse  effects  are  minor  and  few  but  flumazenil  administration  may  unmask  seizures  in  poisoning  with 
combinations  of  benzodiazepines  and  tricyclic  antidepressants.  The  desferrioxamine  challenge  test  is  frequently 
falsely  negative  and  should  be  abandoned.  In  addition  to  being  cytoprotective,  ^-acetylcysteine  has  potent 
vasodilator  and  positive  inotropic  actions  which  may  be  partly  responsible  for  its  beneficial  effect  in  late- 
presentation  paracetamol  overdosage  with  hepatic  damage  and  failure. 

Keywords ;  Acetylcysteine;  Naloxone;  Flumazenil;  Desferrioxamine;  Haemodynamics;  Mechanisms 


1.  Introduction 

The  antidotes  in  common  clinical  use  vary 
according  to  the  toxicological  problems  of  the 
area  of  the  world  under  consideration.  In  the 
United  States,  western  Europe  and  Scandinavia 
the  most  important  are  A- acetylcysteine  (NAC), 
naloxone  and  flumazenil  which  were  used  in  4.5, 
3.9  and  1.4%,  respectively  of  cases  reported  to 
the  Toxic  Exposure  Surveillance  Scheme  of  the 
American  Association  of  Poison  Control  Centers 
in  1993  [1].  No  other  antidote  has  application  in 
more  than  1%  of  poisonings  but  of  these,  de¬ 
sferrioxamine  deserves  mention  because  of  its 
role  in  preventing  childhood  deaths  from  acute 
iron  poisoning.  Agents  designated  antidotes  are 
used  in  the  treatment  of  confirmed  poisoning,  in 
the  diagnosis  of  poisoning  and,  frequently,  on  a 
‘nothing  to  lose’  basis.  They  are  widely  held  to 
be  inherently  safe  but  unfortunately,  this  is  not 
always  the  case.  Antidotes  commonly  have  dose- 


related  adverse  effects,  may  cause  hypersensitivi¬ 
ty  reactions  and  may  lead  to  misdiagnosis. 
Fetotoxicity  and  teratogenicity  are  concerns 
when  they  are  to  be  given  to  pregnant  women.  In 
every  case  the  potential  benefits  of  the  use  of  an 
antidote  have  to  be  weighed  against  the  risks. 


2.  Naloxone 

The  response  of  pure  opioid  overdosage  to 
administration  of  naloxone  remains  one  of  the 
most  dramatic  events  in  clinical  medicine.  Within 
a  minute  or  so  coma  is  completely  reversed,  the 
respiratory  rate  increases  and  the  respiratory 
minute  volume  frequently  but  transiently  ex¬ 
ceeds  normal.  It  is  less  well  appreciated  that  the 
blood  pressure  also  rises  transiently.  Naloxone 
has  very  few  adverse  effects.  These  include  an 
acute  withdrawal  syndrome  in  individuals  depen¬ 
dent  on  opioids,  and  pulmonary  oedema  and 
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ventricular  fibrillation  in  non-dependent  and 
otherwise  healthy  individuals.  Fortunately  the 
incidence  of  such  reactions  is  extremely  low  and 
not  sufficient  to  contraindicate  the  use  of  the 
antidote  in  appropriate,  and  even  in  inappro¬ 
priate,  situations.  Naloxone  has  also  been 
claimed  to  reverse  (at  least  to  some  extent)  the 
toxicity  of  ethanol,  benzodiazepines,  clonidine 
and  captopril  but  the  evidence  is  inconclusive  [2]. 
There  is  also  some  anecdotal  evidence  to  indicate 
that  it  may  have  a  beneficial  effect  on  the 
haemodynamic  consequences  of  poisoning  with 
dextropropoxyphene  and  its  major  metabolite, 
norpropoxyphene,  increasing  the  cardiac  output 
and  left  ventricular  stroke  work  index  and  par¬ 
tially  reversing  the  dilatation  of  the  systemic 
vascular  bed  caused  by  these  drugs  [3].  The 
mechanism  is  unclear  but  angiotensin  II  release 
subsequent  upon  removal  of  the  inhibitory  ef¬ 
fects  of  endorphins  by  naloxone  has  been  pos¬ 
tulated. 


3.  Flumazenil 

Overdosage  with  benzodiazepines  alone  sel¬ 
dom  leads  to  such  serious  consequences  that 
flumazenil  is  an  indispensable  component  of 
treatment.  It  is  commonly  used  diagnostically  in 
patients  who  are  unconscious  due  to  unknown 
drugs  and  in  others  in  whom  the  cause  of  coma  is 
uncertain.  In  such  situations  it  may  produce  such 
observable  clinical  improvement  that  there  is  no 
doubt  that  benzodiazepines  are  contributing  to 
the  patients  clinical  state.  It  may  therefore 
obviate  the  need  for  CT  scanning  of  the  brain  in 
some  cases  and  has  the  therapeutic  advantages  of 
significantly  reducing  the  number  of  patients 
requiring  endotracheal  intubation,  assisted  venti¬ 
lation  and  bladder  catheterisation  [4].  The  inci¬ 
dence  of  adverse  reactions  to  flumazenil  is  signifi¬ 
cant.  They  occurred  in  nine  out  of  53  uncon¬ 
scious  patients,  only  36  of  whom  had  benzodiaz¬ 
epines  present  in  their  serum  [4].  However  they 
were  minor  in  all  but  one  patient  who  became 
hypotensive,  the  systolic  blood  pressure  falling 
from  100  to  60  mmHg.  Seizures  and  arrhythmias 
were  not  observed. 


Concern  has  been  expressed  in  respect  of  the 
safety  of  flumazenil  administration  to  individuals 
who  have  ingested  combined  overdoses  of  tri¬ 
cyclic  antidepressants  and  benzodiazepines.  The 
disadvantage  of  the  combination  is  that  the  latter 
will  potentiate  the  CNS  depressant  actions  of  the 
former  but  they  may  also  have  a  more  important 
advantage  by  reducing  the  frequency  of  seizures 
induced  by  the  antidepressants.  Administration 
of  flumazenil  may  then  remove  the  protective 
effect  of  the  benzodiazepines  and  unmask  sei¬ 
zures.  The  evidence  that  this  occurs  in  practice  is 
again  anecdotal  but  the  consequences  for  in¬ 
dividual  patients  are  potentially  disastrous.  Sei¬ 
zures  are  associated  with  hypoxaemia  and  meta¬ 
bolic  acidosis  and  there  is  clinical  suspicion  that 
they  may  trigger  lethal  arrhythmias.  The  ability 
of  flumazenil  to  precipitate  seizures  in  animals 
poisoned  with  tricyclic  antidepressants  has  been 
clearly  demonstrated  [5].  It  would  therefore 
seem  that  flumazenil  should  not  be  given  to 
patients  who  have  ingested  benzodiazepines  in 
combination  with  tricyclic  antidepressants. 

4.  Desferrioxamine  (DFO) 

Acute  iron  overdosage  is  mainly  a  problem  of 
young  children,  approximately  75%  of  incidents 
occurring  in  those  under  the  age  of  6  years  [1]. 
Serious  and  fatal  [1,6-8]  poisonings  are  usually 
associated  with  ingestion  of  adult  iron  prepara¬ 
tions  and  animal  studies  have  clearly  shown  that 
DFO  reduces  mortality.  Unfortunately,  it  has 
potentially  serious  adverse  reactions  in  therapeu¬ 
tic  doses  including  anaphylaxis  and  hypotension 
when  intravenous  infusion  rates  exceed  15  mg /kg 
body  weight  per  hour.  Indiscriminate  use  is 
therefore  unjustified.  Selection  of  appropriate 
patients  for  treatment  with  DFO  is  difficult, 
there  being  no  single  parameter  of  value.  Gener¬ 
ally  a  decision  to  give  the  antidote  is  based  on  a 
combination  of  the  clinical  condition  of  the 
patient  (especially  the  presence  of  shock  or 
impairment  of  consciousness)  and  the  serum  iron 
concentration.  The  latter  is  not  always  available 
on  an  emergency  basis  and  some  years  ago  the 
desferrioxamine  challenge  test  was  introduced  to 
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identify  patients  with  circulating  free  iron  (i.e. 
serum  iron  concentrations  in  excess  of  the  total 
iron  binding  capacity).  The  challenge  involves 
giving  a  single  intramuscular  dose  of  DFO  (50 
mg/kg  body  wt.  up  to  a  maximum  of  1  g)  and 
observing  the  colour  of  the  urine.  In  patients  in 
whom  DFO  has  chelated  free  iron,  the  chelation 
complex,  ferrioxamine,  is  excreted  in  the  urine 
turning  it  an  orange /red  colour  -  so  called  vin 
rose.  While  the  principle  underlying  the  test  is 
sound,  there  have  been  problems  in  practice.  A 
number  of  studies  [9-11]  have  shown  that  ap¬ 
proximately  70%  of  patients  with  serum  iron 
concentrations  exceeding  expected  TIBC  who 
were  challenged  with  DFO  failed  to  develop  the 
diagnostic  change  in  urine  colour.  The  reasons 
are  unclear.  It  may  simply  be  that  the  concen¬ 
tration  of  ferrioxamine  in  the  post-challenge 
urine  is  too  low  to  produce  a  colour  change 
detectable  to  the  naked  eye.  The  pH  of  the  urine 
does  not  seem  to  be  a  relevant  factor.  The 
desferrioxamine  challenge  test  should  therefore 
be  abandoned. 

There  have  been  no  controlled  trials  of  DFO 
in  acute  iron  poisoning  in  humans.  Indeed  the 
toxicokinetics  of  iron  after  poisoning  and  the 
mechanisms  of  action  of  DFO  have  been  in¬ 
adequately  studied.  Theoretically,  100  mg  of 
DFO  could  bind  approximately  8.5  mg  of  ferric 
iron  which  should  then  be  excreted  in  the  urine 
as  ferrioxamine.  However,  the  beneficial  effects 
of  DFO  cannot  always  be  explained  so  simply  as 
illustrated  by  the  findings  in  a  young  adult  female 
who  presented  with  haematemesis  and  grey  wat¬ 
ery  diarrhoea  and  had  a  serum  iron  concen¬ 
tration  of  13.4  mg/1  (240  yumol/1)  6  h  after 
ingestion  of  2.4  g  of  elemental  iron.  She  was 
given  DFO  in  conventional  doses  but  over  the 
next  3  days  only  50.7  mg  (0.91  mmol)  of  iron,  the 
equivalent  of  the  iron  content  of  only  one  tablet 
of  ferrous  sulphate,  was  recovered  from  the  urine 
[12]. 

5.  A-Acetylcysteine  (NAC) 

The  alarming  increase  in  the  numbers  of 
individuals  consuming  overdoses  of  paracetamol 


(acetaminophen)  over  the  past  30  years  has 
arguably  made  NAC  the  single  most  important 
antidote  in  developed  countries.  It  is  certainly 
the  one  which  is  most  widely  used  [1]  and  several 
controlled  studies  in  poisoned  patients  have 
demonstrated  its  ability  to  prevent  the  liver 
damage  caused  by  the  intermediary  metabolite 
of  paracetamol  metabolism,  A-acetylbenzo- 
quinoneimine  [13].  The  incidence  of  acute  renal 
tubular  necrosis  can  also  be  reduced.  These 
benefits  are  achieved  whether  NAC  is  given 
orally  or  intravenously  provided  it  is  given  suffi¬ 
ciently  early  in  the  course  of  poisoning  [13]. 
Later  than  10  h  after  ingestion  of  paracetamol, 
the  ability  of  NAC  to  prevent  hepatic  necrosis 
declines. 

Adverse  effects  occur  in  up  to  10%  of  patients 
receiving  the  intravenous  NAC  regime  favoured 
in  the  UK,  Australia  and  parts  of  Europe.  These 
reactions  have  been  termed  ‘anaphylactoid1 
because  they  include  flushing,  rash,  itching,  an- 
gioedema  and  bronchospasm  [14].  However,  pa¬ 
tients  given  overdoses  of  NAC  of  between  1.5 
and  10  times  normal  doses  experience  similar 
features  although  hypotension  and  flushing  are 
probably  more  common  while  rashes  and 
pruritus  are  less  so.  Almost  invariably  adverse 
reactions  to  intravenous  NAC  occur  within  2  h  of 
the  start  of  the  infusion  [15],  the  time  at  which 
plasma  concentrations  of  the  antidote  are  maxi¬ 
mal  [16].  There  is  therefore  doubt  as  to  whether 
they  are  due  to  hypersensitivity  or  are  dose- 
related.  Skin  testing  of  a  small  number  of  pa¬ 
tients  who  experienced  reactions  to  NAC  show 
that  there  is  a  threshold  for  weal  formation  after 
intradermal  injection  of  the  commercial  formula¬ 
tion  and  that  responses  only  occur  with  high 
concentrations.  The  study  concluded  that  the 
mechanism  of  adverse  reactions  was  ‘pseudo- 
allergic’  rather  than  immunological  [15]. 

When  NAC  was  introduced  it  was  feared  that 
its  administration  to  patients  presenting  more 
than  15  h  after  paracetamol  overdosage  might 
increase  the  risk  of  hepatic  encephalopathy  and 
it  was  therefore  held  to  be  contraindicated  at  this 
late  stage.  However,  desperate  clinicians  faced 
with  ever  increasing  numbers  of  predominantly 
young  people  with  paracetamol-induced  fulmin- 
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ant  hepatic  failure  (FHF)  have  gradually  extend¬ 
ed  the  period  over  which  NAC  is  given  and  the 
concern  that  the  antidote  might  exacerbate  en¬ 
cephalopathy  has  failed  to  materialise.  Indeed,  in 
one  study  of  paracetamol-induced  FHF  patients 
given  NAC  until  recovery  from  encephalopathy 
or  death,  mortality  was  significantly  reduced  and 
the  incidence  of  cerebral  oedema  and  hypoten¬ 
sion  requiring  inotropic  support  was  lowered 
[17].  Moreover,  the  benefits  were  achieved  safely 
and  without  adverse  reactions.  The  mechanism 
by  which  late  NAC  administration  protects  the 
liver  has  been  the  subject  of  much  speculation. 

Haemodynamic  investigation  of  patients  in 
FHF  induced  by  paracetamol  has  shown  that 
NAC  increases  oxygen  delivery,  oxygen  con¬ 
sumption  and  the  oxygen  extraction  ratio.  This  is 
partly  due  to  an  increase  in  the  cardiac  index 
(Cl)  and  mean  arterial  blood  pressure  (MABP) 
despite  a  decrease  in  systemic  vascular  resistance 
(SVR)  [18].  Such  effects  may  therefore  be  suffi¬ 
cient  to  account  for  the  benefits  of  NAC  late  in 
the  course  of  paracetamol  poisoning. 

While  it  is  desirable  to  know  the 
haemodynamic  effects  of  NAC  on  hepatic  blood 
flow  in  paracetamol-induced  FHF,  placement  of 
catheters  in  the  femoral  and  hepatic  veins  and 
intravenous  injection  of  indocyanine  green  is 
required.  Clearly  such  studies  pose  ethical  dif¬ 
ficulties  in  critically  ill  patients  but  have  been 
carried  out  in  patients  in  a  stable  phase  of 
cirrhosis  [19].  The  previously  observed  effects  of 
NAC  on  Cl  and  oxygen  delivery  to  tissues  have 
been  confirmed.  Despite  this,  oxygen  consump¬ 
tion  and  the  oxygen  extraction  ratio  were  not 
increased  probably  due  to  either  shunting  of 
blood  through  the  lungs  or  ventilation /perfusion 
mismatching.  Vascular  resistance  fell  both  in  the 
systemic  and  pulmonary  circulations  but  MABP 
was  maintained  indicating  that  the  force  of 
myocardial  contraction  must  have  increased. 
Calculation  of  left  ventricular  stroke  work  index 
confirmed  that  this  was  indeed  the  case.  NAC 
therefore  has  an  important  positive  inotropic 
action  [19]  which  may  explain  the  reduced  need 
for  inotropes  and  renal  support  in  the  NAC- 
treated  FHF  patients  [17].  Estimated  liver  blood 
flow  and  portal  venous  pressure  did  not  change 


in  the  cirrhotic  patients  but  this  would  not 
exclude  the  possibility  that  NAC  might  induce 
beneficial  changes  in  hepatic  blood  flow  in  those 
with  FHF. 

Studies  of  forearm  blood  flow  in  cirrhotic 
patients  and  healthy  volunteers  [20]  demonstrate 
that  NAC  is  a  local  vasodilator  in  both  groups 
and  is  as  potent  as  bradykinin.  The  mechanism 
by  which  it  achieves  this  effect  is  unclear.  It  may 
be  secondary  to  stimulation  of  the  endothelial 
receptor,  direct  stimulation  of  nitric  oxide 
synthetase  or  a  direct  effect  on  vascular  smooth 
muscle  cells.  Further  studies  using  l-N  mono¬ 
methyl  arginine  (l-TVMMA,  a  specific  nitric  oxide 
synthetase  inhibitor)  and  bradykinin  antagonists 
may  clarify  this  mechanism  further. 
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Abstract 

Five  approaches  may  be  described  through  which  antidotes  can  modify  toxicokinetics:  (1)  Decreased  bioavail¬ 
ability  of  the  toxins;  (2)  Cellular  redistribution  of  the  toxin  in  the  organism;  (3)  Promotion  of  elimination  in  an 
unchanged  form;  (4)  Slowing  of  metabolic  activation  pathways;  (5)  Acceleration  of  metabolic  deactivation 
pathways.  However,  the  ability  to  modify  toxicokinetics  with  a  new  treatment,  while  demonstrating  an  understand¬ 
ing  of  the  mechanism  of  action,  must  never  be  construed  to  be,  in  and  of  itself,  the  goal  of  therapy.  The  ultimate 
evaluation  of  an  antidote  modifying  toxicokinetics  is  strictly  clinical. 

Keywords:  Antidote;  Toxicokinetics;  Toxicodynamics;  4-Methylpyr azole;  A-acetylcysteine;  Digitalis 


1.  Introduction 

Toxic  substances  act  principally  by  three  mech¬ 
anisms:  physical  (e.g.  foam  from  shampoo), 
chemical  (e.g.  acid  burns),  or  biological  (e.g. 
Digitalis).  In  some  cases  (e.g.  hydrofluoric  acid) 
the  mechanisms  of  toxicity  are  multiple.  How¬ 
ever,  the  vast  majority  of  poisonings  result  from 
a  biological  mechanism.  For  toxicants  which  act 
by  this  third  mechanism,  the  poison  must  be 
absorbed,  distributed  and  must  reach  a  critical 
concentration  at  the  cellular  target  (tox¬ 
icokinetics).  Such  a  critical  concentration  results 
in  cellular  modifications,  reversible  or  irrevers¬ 
ible,  which  may  ultimately  be  translated  into 
signs  and  symptoms  of  clinical  illness  (tox¬ 
icodynamics).  The  classic  treatment  paradigm  in 
clinical  toxicology  includes:  (1)  Supportive  treat¬ 
ment;  (2)  Prevention  of  absorption  of  toxic 
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compounds;  (3)  Enhancement  of  their  elimina¬ 
tion;  (4)  Specific  treatments,  including  antidotes. 
However,  this  description  of  general  principles  of 
treatment  of  poisoning  does  not  take  into  ac¬ 
count  the  importance  of  this  duality  of  tox¬ 
icokinetics  and  toxicodynamics,  encountered  in 
the  majority  of  poisonings. 

In  all  dictionaries  throughout  the  world,  anti¬ 
dotes  are  defined  as  ‘a  remedy  to  counteract  the 
effects  of  a  poison’.  However,  such  a  global 
definition  does  not  help  us,  as  physicians,  to 
know  what  should  be  beneficial  for  our  patients. 
Thus,  we  recently  proposed  a  more  conservative 
definition  of  antidotes  [1]  which  we  have  now 
expanded:  ‘An  antidote  is  a  drug  whose  mecha¬ 
nisms  of  action  have  been  determined,  which  is 
able  to  modify  either  the  toxicokinetics  or  the 
toxicodynamics  of  the  poison  and  whose  adminis¬ 
tration  to  the  poisoned  patient  reliably  induces  a 
significant  benefit.’  As  such  it  appears  that  many 
drugs  with  unproven  efficacy  (Fuller‘s  earth  in 
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paraquat  poisoning)  in  human  poisoning  or  un¬ 
known  mechanism  (diazepam  in  chloroquine 
poisoning)  should  not  presently  be  referred  to  as 
‘antidotes’.  Such  a  restrictive  definition  should 
help  to  distinguish  between  drugs  which  are 
merely  adjunctive  therapy  from  those  which  are 
true  antidotes. 

Many  classifications  of  antidotes  have  been 
proposed,  none  completely  satisfactory  [2].  Anti¬ 
dotes  may  be  classified  as  a  function  of  their 
mechanism  of  action  into  eight  categories  which 
cover  the  toxicodynamic  and  toxicokinetic  as¬ 
pects  of  intoxications  (Table  1).  Toxicokinetic 
treatment  includes  those  antidotes  that  decrease 
the  concentration  of  the  toxic  compound  at  the 
level  of  the  cellular  target.  Toxicodynamic  treat¬ 
ment  involves  antidotes  which  modify  clinical 
symptomatology  without  affecting  the  concen¬ 
tration  of  the  toxic  compound  at  the  level  of  the 
cellular  target.  In  general,  toxicodynamic  treat¬ 
ment  may  dramatically  improve  immediately  life- 
threatening  symptoms  but  is  devoid  of  effect  on 
the  duration  of  the  poisoning.  It  should  be  noted 
that  most  supportive  treatments  work  on  a  tox¬ 
icodynamic  basis.  Toxicokinetic  treatment  such 
as  gut  decontamination,  on  the  other  hand,  tends 
to  either  prevent  or  decrease  the  duration  of  the 
intoxication,  but  may  not  have  any  immediate 
effect  on  clinical  symptoms.  There  are  notable 
exceptions  to  these  generalities.  Digitalis  anti¬ 
bodies  which  are  a  toxicokinetic  therapy  provide 
almost  immediate  clinical  improvement  while 
decreasing  free  Digitalis  tissue  concentration.  In 
contrast,  both  ethanol  and  4-methylpyrazole 
actually  prolong  the  duration  of  exposure  to  the 
native  toxin  (ethylene  glycol  and  methanol)  but 


decrease  the  exposure  to  toxic  metabolites  (gly- 
colate  and  formate).  On  the  other  hand,  among 
acute  poisonings  causing  life-threatening  car¬ 
diovascular  collapse,  which  has  been  shown  to 
impair  the  elimination  of  toxins  [3],  it  stands  to 
reason  that  toxicodynamic  treatments  which  im¬ 
prove  hemodynamic  status  and  tissue  perfusion 
in  the  liver  and  kidney  may  be  expected  to 
decrease  the  duration  of  intoxication. 

Decreasing  the  amount  of  toxin  in  the  body 
should,  in  theory,  improve  the  patient’s  con¬ 
dition.  However,  there  are  a  number  of  factors 
which  impede  such  a  simple  relationship  (Fig.  1). 
The  actual  immediate  clinical  benefit  of  reduc¬ 
tion  of  body  burden  of  a  toxin  is  dependent  on 

(1)  the  amount  of  toxin  present  in  the  body  in 
excess  of  that  required  to  produce  a  toxic  effect, 

(2)  the  slope  of  toxicity,  (3)  the  ratio  of  the 
amount  of  toxin  removed  to  the  dose  required  to 
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Fig.  1.  Relationship  between  the  clinical  severity  of  the 
poisoning  and  the  amount  of  toxin  in  the  body  in  two  types  of 
intoxication,  one  with  a  gentle  slope  of  toxicity  (1)  and  the 
other  with  a  steep  one  (2).  The  clinical  effect  of  the  removal 
of  a  fixed  amount  of  toxin  depends  on  the  ratio  of  the 
amount  of  toxin  removed  to  the  dose  required  to  produce  a 
toxic  effect. 


Table  1 

Classification  of  antidotes  and  chelators 


Treatment 

Effect 

Toxicokinetic  treatment 

1  Decreased  bioavailability  of  the  toxins 

2  Cellular  redistribution  of  the  toxin  in  the  organism 

3  Promotion  of  elimination  in  an  unchanged  form 

4  Slowing  of  metabolic  activation  pathways 

5  Acceleration  of  metabolic  deactivation  pathways 

Toxicodynamic  treatment 

6  Competitive  or  non-competitive  displacement  of  the  toxin  from  its  binding  site 

7  Bypass  of  the  binding  of  the  toxin  to  the  receptor 

8  Correction  of  peripheral  effects  of  the  toxins  (including  supportive  treatments) 
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Fig.  2.  Efficacy  of  hemoperfusion/ hemodialysis  and  time  to 
death  in  nine  paraquat  poisoning  patients.  The  greater  the 
amount  of  paraquat  removed,  the  faster  the  patient  suc¬ 
cumbed.  From  Bismuth  [20]  with  permission. 


produce  a  toxic  effect,  (4)  the  delay  in  onset  of 
treatment.  These  factors  appear  critical  for  toxins 
inducing  irreversible  lesions.  Fig.  2  shows  that  in 
cases  of  acute  paraquat  poisoning  treated  by 
extracorporeal  methods  the  greater  the  quantity 
of  paraquat  removed  the  more  rapidly  the  pa¬ 
tient  died.  We  interpret  this  seeming  paradox  as 
follows:  the  total  amount  of  toxin  removed  has 
no  clinical  significance  per  se.  In  this  case, 
increased  removal  of  toxin  is  consistent  with  a 
body  burden  far  in  excess  of  the  amount  required 
to  produce  death.  Thus,  we  conclude  that 
modifying  toxicokinetics  with  a  new  treatment, 
while  demonstrating  an  understanding  of  the 
mechanism  of  action,  must  never  be  construed  to 
be,  in  and  of  itself,  the  goal  of  therapy. 


Thus,  it  is  necessary  that  we  examine  in  further 
detail  what  constitutes  a  ‘significant  benefit’  in 
antidotal  therapy.  It  is  necessary  but  not  suffi¬ 
cient  that  an  antidote  improves  the  toxicokinetics 
and/or  toxicodynamics  in  poisoning.  To  consider 
an  antidote  effective  in  human  beings  requires 
that  the  course  of  illness  and  the  outcome  are 
favorably  modified.  Significant  benefits  may  be 
realized  not  only  in  improved  prognosis  but  also 
as  decreased  duration  or  cost  of  hospitalization 
or  decreased  requirements  for  invasive  proce¬ 
dures.  Very  few  antidotes  have  been  investigated 
in  this  light  (Table  2).  In  fact,  the  evaluation  of 
antidotes  in  humans  has  been  constrained  by 
numerous  factors.  First  of  all,  for  a  number  of 
potentially  lethal  toxins,  there  are  an  insignificant 
number  of  patients  encountered  in  any  one 
treatment  center  to  permit  an  assessment  of 
efficacy  on  a  prospective  basis.  In  addition, 
increasing  administrative  and  legal  hurdles  limit 
testing  of  new  antidotes  and  even  old  ones.  It 
must  be  taken  into  account  that  many  acute 
intoxications  induce  rapid  onset  of  severe  symp¬ 
toms  requiring  emergency  treatment.  In  this 
particular  clinical  setting,  the  early  administra¬ 
tion  of  toxicokinetic  antidotes  is  of  utmost  im¬ 
portance  if  they  are  to  be  effective.  Require¬ 
ments  for  informed  consent,  frequently  impos¬ 
sible  in  the  poisoned  patient,  may  need  to  be 
waived. 

Five  approaches  may  be  described  through 
which  antidotes  can  modify  toxicokinetics:  (1) 
Decreasing  the  bioavailability  of  the  poison;  (2) 
Enhanced  elimination  of  unchanged  poison 


Table  2 

Attempt  at  classification  of  toxicokinetic  antidotes  according  to  the  derived  benefit  in  human  poisoning 


Derived  benefit 

Proven  efficacy 

Possible  efficacy 

Life-saving 

A-Acetylcysteine 

Fab  fragments 

Oxygen 

Desferoxamine 

Chelating  agents 

Cyanide  antidotes 
Methylene  blue 

Decreased  duration  of  hospitalization 

? 

Oxygen 

Activated  charcoal  (?) 
Digitalis  Fab  fragments  (?) 

Decreased  cost  of  hospitalization 

Decreased  requirements  for  invasive  procedures 

? 

Activated  charcoal 
4-Methylpyrazole 

DMSA 

7 

Whole  bowel  irrigation 
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through  natural  means;  (3)  Slowing  of  metabolic 
activation;  (4)  Accelerating  an  inactivating  me¬ 
tabolism;  (5)  Promoting  an  extracellular  redistri¬ 
bution  of  toxicant. 

2.  Decreasing  the  bioavailability  of  the  poison 

Gastric  lavage  should  no  longer  be  considered 
as  a  routine  management  procedure  in  poisoned 
patients,  as  it  has  a  very  limited  application. 
Currently,  gastrointestinal  decontamination  is 
accomplished  by  a  pharmacological  intervention 
(Table  3). 

A  single  dose  of  activated  charcoal  appears 
capable  of  preventing  the  absorption  of  many 
toxic  compounds,  providing  that  both  the  delay 
between  drug  ingestion  and  charcoal  administra¬ 
tion  is  short  and  the  ratio  of  the  dose  of  activated 
charcoal  to  the  ingested  dose  of  the  toxicant  is 
nearly  10:1.  Furthermore,  repeated  doses  of 
activated  charcoal  may  increase  the  endogenous 
clearance  of  many  toxic  compounds  through 
‘gastrointestinal  dialysis’  [4].  However,  the  actual 
clinical  benefit  of  single  and  repeated  doses  of 


activated  charcoal  for  many  poisonings  remains 
to  be  determined.  Due  to  its  safety,  repeated 
doses  of  activated  charcoal  should  be  recom¬ 
mended  in  various  intoxications  [5]  such  as 
phenobarbital,  theophylline  (in  which  case,  re¬ 
peated  doses  of  activated  charcoal  should  be 
considered  as  viable  alternative  to  hemoperfu- 
sion),  phenytoin,  carbamazepine,  and  salicylates 
(Table  3).  One  randomized  clinical  study  com¬ 
pared  the  effect  of  repeated  doses  of  activated 
charcoal  to  a  single  dose  in  phenobarbital 
poisoning.  The  half-life  of  phenobarbital  in  plas¬ 
ma  was  significantly  shortened  while  the  duration 
of  intubation  did  not  differ  [6]. 

3.  Enhanced  elimination  of  unchanged  poison 
through  natural  means 

3.1.  Chelating  agents  for  heavy  metals  (Table  4) 
One  of  the  earliest  chelating  agents  was  di- 
mercaprol  (BAL).  Recently,  two  other  related 
drugs  have  been  introduced,  dimercaptosuccinic 
acid  (DMSA)  and  dimercaptopropane  sulfonic 
acid  (DMPS)  that  possess  the  same  dithiol 


Table  3 


Decreasing  the  bioavailability  of  the  poison 


Antidotes 

Toxicants 

Activated  charcoal 

‘A1F  but  toxic  alcohols,  caustics,  iron,  lithium1* 

Whole  bowel  irrigation 

Body-packers,  iron,  theophyllineb,  verapamiF,  lead,  zinc  sulfate 

Prussian  blue 

Thallium,  cesium 

Calcium  salts 

Fluoride 

Magnesium  sulfate 

Barium  (soluble  forms) 

Also  inciease  the  elimination  of  digitoxin,  phenobarbital,  carbamazepine,  phenylbutazone,  dapsone,  methotrexate,  nadolol, 
theophylline,  salicylate,  cyclosporine  E,  propoxyphene,  amitriptyline,  and  nortriptyline. 
b  Sustained-release  preparations. 


Table  4 

Chelating  agents  used  in  human  poisonings 
Chelating  agents 

Disodium  calcium  ethylenediamine  tetracetate  (EDTA  Na,Ca) 
Diethylenetriamine  pentacetate  (DTPA) 

Dimercaptopropanol  (BAL) 

Dimercaptopropanesulfonic  acid  (DMPS) 

Dimercaptosuccinic  acid  (DMSA) 

Penicillamine 

Desferoxamine 


Toxicants 

Lead,  zinc,  cadmium  (highly  controversial) 

Plutonium,  americium 

Arsenic  (inorganic  and  organic  [lewisite]),  mercury  salts,  lead* 
Arsenic,  lead,  mercury  (organic  and  inorganic) 

Lead,  organic  and  inorganic  mercury,  arsenic 
Copper  overload,  lead,  arsenic,  mercury 
Iron,  aluminium 


a  In  addition  to  EDTA  CaNa^. 
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chelating  group,  while  the  whole  molecules  are 
more  hydrophilic  [2,7].  Unlike  dimercaprol,  these 
two  recent  drugs  can  be  used  orally  and  have  a 
better  therapeutic  index  than  BAL.  A  consider¬ 
able  amount  of  work  has  been  carried  out  on 
reaction  of  the  chelating  agents  with  metals,  and 
it  is  possible  to  predict  the  efficacy  of  particular 
chelating  agents  in  particular  metal  poisonings  on 
the  basis  of  the  affinity  constant  of  the  metal  and 
chelator.  It  should  be  noted  that  the  precise 
mechanisms  of  action  by  which  the  chelating 
agents  work  are  not  fully  understood.  It  seems 
likely  that  the  beneficial  action  of  the  chelating 
agents  is  probably  a  combination  of  effects, 
detoxification  by  complexation,  mobilization,  and 
elimination.  Thus,  the  affinity  constant  cannot  be 
the  sole  property  that  determines  the  efficiency 
of  a  particular  chelating  agent  for  a  particular 
metal.  Indeed,  the  properties  of  an  ideal  chelat¬ 
ing  agent  have  been  defined  by  Yokel  and 
Kostenbauder  [8]  and  should  include  a  high 
affinity  for  the  metal  of  interest,  be  sufficiently 
water-soluble  to  take  by  mouth,  and  be  suffi¬ 
ciently  lipid-soluble  to  distribute  to  sites  of 
accumulation  of  the  metal.  Thus,  Marrs  and 
Bateman  [2]  concluded  that  if  this  were  generally 
the  case,  partition  studies  would  clearly  improve 
the  predictive  value  of  in  vitro  studies  of  the 
chelating  agents. 

3.2.  Oxygen  works  in  carbon  monoxide 
poisoning  by  two  mechanisms 

A  high  partial  pressure  of  oxygen  displaces 
carbon  monoxide  from  the  iron  of  hemoglobin, 
myoglobin  and  various  enzymes  in  a  competitive 
manner.  Simultaneously,  a  high  partial  pressure 
of  oxygen  increases  the  pulmonary  elimination  of 
carbon  monoxide.  It  should  be  outlined  that  it  is 
unusual  for  antagonistic  antidotes  to  modify  the 
kinetics  of  the  toxicant.  The  relative  importance 
of  these  two  mechanisms  in  the  treatment  of 
human  poisoning  is  not  known.  In  our  day-to-day 
experience,  many  carbon  monoxide  poisonings 
found  unconscious  awaken  within  a  few  minutes 
while  breathing  pure  oxygen.  This  rapid  im¬ 
provement  seems  incompatible  with  what  is 
known  about  the  elimination  half-life  of  carbox- 
yhemoglobin.  It  must  be  emphasized  that  in 


comparison  with  what  is  known  of  the  kinetics  of 
other  drugs,  the  knowledge  of  the  kinetics  of 
carbon  monoxide  is  very  limited. 

4.  Slowing  of  metabolic  activation 

The  toxicity  of  both  methanol  and  ethylene 
glycol  (EG)  results  from  their  metabolism  to 
more  toxic  metabolites  by  liver  alcohol  dehydro¬ 
genase:  formate  (methanol),  glycolate  and  oxa¬ 
late  (ethylene  glycol)  [9].  The  conventional  treat¬ 
ment  of  these  life-threatening  poisonings  in¬ 
cludes  gastric  decontamination,  massive  amounts 
of  sodium  bicarbonate,  blockade  of  the  metabo¬ 
lism  of  toxic  alcohols  by  ethanol,  and 
hemodialysis.  However,  the  indications  for  the 
respective  parts  of  this  treatment  regimen  remain 
a  matter  of  debate,  as  ethanol  treatment  may  be 
inefficient  when  doses  used  are  too  low  or  result 
in  side-effects  when  administered  in  excess.  4- 
Methylpyrazole  (4-MP)  is  a  very  potent  inhibitor 
of  alcohol  dehydrogenase  (ADH)  activity  in 
various  species,  including  humans.  4-MP  has  a 
profound  inhibitory  effect  on  the  oxidation  of 
both  methanol  and  EG  in  monkeys  and  dogs, 
respectively  [10]. 

Because  4-MP  is  an  inhibitor  of  ADH  rather 
than  a  competitive  substrate  like  ethanol,  it  has 
been  suggested  as  having  greater  value  than 
ethanol  in  treating  EG  poisoning.  4-MP  has 
other  therapeutic  advantages  over  ethanol:  it 
does  not  exert  CNS  depressant  activity  and  it  has 
a  longer  duration  of  action  than  ethanol  because 
of  slower  elimination.  Studies  in  animals  and 
healthy  volunteers  have  shown  that  repeated 
doses  of  4-MP  are  safe,  in  contrast  with  its  parent 
compound  pyrazole.  Recently,  4-MP  treatment 
has  been  tried  in  a  limited  number  of  acute 
human  ethylene  glycol  poisonings  admitted  early 
after  ingestion.  4-MP  was  found  to  be  both 
efficient  and  safe.  Both  intravenous  and  oral 
regimens  of  4-MP,  dosed  every  12  h  until  plasma 
EG  became  undetectable,  were  able  to  block  the 
metabolism  of  EG,  avoiding  the  requirement  for 
hemodialysis  in  patients  with  high  plasma  EG 
levels  and  normal  renal  function  [11].  Normal 
renal  function  allows  the  elimination  of  un¬ 
changed  EG.  4-MP  appears  to  be  a  very  promis- 
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ing  antidote  allowing  a  less  invasive  treatment  of 
early-admitted  EG  poisoning. 

To  our  knowledge,  the  efficiency  of  4-MP  in 
acute  human  methanol  poisoning  has  not  been 
assessed.  There  is  a  large  body  of  knowledge 
supporting  the  use  of  4-MP  in  methanol  poison¬ 
ing.  However,  some  differences  between  EG  and 
methanol  poisonings  preclude  drawing  any  infer¬ 
ence  from  the  efficiency  of  4-MP  in  EG  poison¬ 
ing.  Indeed,  in  patients  with  normal  renal  func¬ 
tion,  the  renal  clearance  of  EG  is  in  the  range  of 
20-40  ml /min  with  an  elimination  half-life  of 
about  12  h.  In  contrast,  unchanged  methanol  is 
eliminated  very  slowly,  mainly  by  the  renal  route, 
its  renal  clearance  being  about  1-2  ml/min, 
corresponding  to  a  plasma  half-life  of  about  40- 
50  h.  Thus,  theoretically,  blocking  methanol 
metabolism  with  an  inhibitor  requires  considera¬ 
tion  of  hemodialysis  as  the  safety  of  repeated 
doses  of  4-MP  has  only  been  demonstrated  to  96 
h,  and  more  prolonged  treatment  has  not  been 
assessed. 

4-MP  has  also  been  shown  to  be  useful  in 
treating  disulfiram-like  reactions.  These  mani¬ 
festations  result  from  the  ingestion  of  ethanol  in 
a  patient  having  a  blockade  of  aldehyde  dehydro¬ 
genase  by  disulfiram  or  related  compounds,  thus 
allowing  the  accumulation  of  acetaldehyde,  the 
toxic  metabolite.  Disulfiram  reactions  can  induce 
life-threatening  poisoning  due  to  the  accumula¬ 
tion  of  acetaldehyde  in  blood.  The  conventional 
treatment  of  this  occasional  poisoning  includes 
supportive  treatment  and  at  times  /3-blocking 
agents  in  case  of  vasoplegic  shock.  4-MP  was 
shown  to  block  acetaldehyde  accumulation  and 
reverse  the  toxic  manifestations  in  an  animal 
model  of  disulfiram  reactions.  Similarly,  a  single 
intravenous  7  mg  /kg  dose  of  4-MP  reversed  the 
signs  and  symptoms  in  a  patient  suffering  from 
disulfiram  reaction  [12]. 

5.  Accelerating  an  inactivating  metabolism 

A- Acetylcysteine  (NAC)  is  a  life-saving  anti¬ 
dote  in  paracetamol  poisoning.  Clinical  studies 
suggest  that,  depending  on  the  delay  between 
ingestion  and  treatment,  several  mechanisms  of 
action  may  come  into  play.  It  is  fascinating  to 


note  that  the  antidote  in  the  early  phase  does  not 
impede  the  production  of  the  toxic  metabolite 
A-acetyl-para-benzoquinonimine  (NRPQI),  but 
rather  scavenges  the  toxic  radical  as  it  is  pro¬ 
duced.  However,  the  mechanisms  of  action  of 
TV-acetylcysteine  are  quite  complex,  involving 
several  metabolic  pathways.  Indeed,  NAC  en¬ 
hances  synthesis  of  glutathione  and  production 
of  sulfate.  Furthermore,  it  encourages  the  reduc¬ 
tion  of  NAPQI  to  paracetamol  [13].  This  latter 
mechanism  of  action  would  be  associated  with  an 
increase  in  the  elimination  half-life  of  paraceta¬ 
mol,  which  has  been  reported  in  severe  poisoning 
but  only  in  the  setting  of  severe  hepatic  damage. 

Thiosulfate  is  the  cosubstrate  of  rhodanese, 
the  hepatic  enzyme,  which  transforms  the 
cyanide  ion  to  thiocyanate  by  incorporation  of  an 
atom  of  sulfur.  Thiosulfate  is  a  remarkably  effec¬ 
tive  antidote  in  intoxications  by  compounds 
which  slowly  liberate  cyanide  such  as  sodium 
nitroprussate.  In  our  experience  it  seems  also 
beneficial  during  the  acute  phase  of  aliphatic 
nitrile  poisonings  in  combination  with  hydrox- 
ocobalamin.  We  believe  that  hydroxocobalamin 
is  the  drug  of  choice  to  treat  the  acute  mani¬ 
festations  of  aliphatic  nitrile  poisonings  and 
should  be  administered  rapidly,  while  sodium 
thiosulfate  has  a  more  prolonged  benefit  and 
should  be  administered  as  a  continuous  infusion 
in  the  prevention  of  recurrent  cyanide  poisoning. 
As  in  the  case  of  NAC,  sodium  thiosulfate  does 
not  inhibit  hepatic  production  of  the  toxic  metab¬ 
olite  (in  this  case  cyanide)  but  provides  for  its 
rapid  elimination. 


6.  Promoting  an  extracellular  redistribution  of 
toxicant 

Among  the  antidotes  acting  by  induction  of  an 
extracellular  redistribution  of  the  toxicant  are  the 
immunotoxicotherapeutic  agents  and  several 
antidotes  to  cyanide,  namely  hydroxocobalamin 
and  the  methemoglobin-forming  agents. 

The  last  two  decades  have  seen  a  rise  in 
importance  of  immunotoxicotherapy.  Two  recent 
improvements  in  immunotherapy  are  representa¬ 
tive:  Digitalis  and  colchicine  poisonings.  The 
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development  of  Digitalis  Fab  fragments  repre¬ 
sented  a  major  improvement  in  immunotherapy, 
greatly  improving  its  safety  in  comparison  with 
antivenoms.  Fab  fragments  work  by  inducing  (1) 
extracellular  redistribution,  (2)  sequestration  of 
the  toxin  in  the  extracellular  space,  and  (3)  renal 
elimination  of  a  small  molecular  weight  anti¬ 
body-toxin  complex.  This  therapeutic  approach  is 
limited  by  the  ratio  of  the  mass  of  the  antidote  to 
that  of  the  poison.  The  practice  of  immuno- 
toxicotherapy  with  Digitalis  Fab  has  been  to 
reverse  the  poisoning  in  an  equimolar  fashion. 
With  drugs  such  as  Digitalis  which  are  toxic  in 
minute  amounts  such  an  approach  is  feasible,  but 
expensive.  Our  experience  in  Digitalis  poisoning 
suggests  that  partial  neutralization  can  effectively 
convert  a  fatal  intoxication  to  a  non  life-threaten¬ 
ing  one.  These  preliminary  results  must  be  con¬ 
firmed.  The  management  of  Digitalis  intoxication 
continues  to  rely  on  supportive  care  of  the 
patient,  and  early  gastrointestinal  decontamina¬ 
tion.  Due  to  their  cost,  Digitalis- specific  Fab 
antibody  fragments  are  recommended  only  in 
severe  poisonings  unresponsive  to  conventional 
treatment.  However,  in  spite  of  the  current 
availability  of  digoxin-specific  Fab  fragments, 
severely  poisoned  patients  still  die.  Recently,  in 
one  large  series  of  cardiac  glycoside  poisoning 
the  analysis  of  the  causes  of  death  revealed  that 
the  main  obstacles  to  the  success  of  Fab  frag¬ 
ments  were  pacing-induced  arrhythmias  and  de¬ 
layed  or  insufficient  administration  of  Fab  [14]. 
Indeed,  the  iatrogenic  accidents  of  cardiac  pacing 
were  frequent  (14/39)  and  often  fatal  (5/39).  In 
contrast,  immunotherapy  was  not  associated  with 
any  serious  side-effects  (0/28)  and  was  safer  than 
pacing.  Thus,  cardiac  pacing  appears  of  limited 
value  and  even  harmful  in  the  treatment  of  acute 
Digitalis  poisoning.  These  results  suggest  that 
Fab  fragments  should  be  first-line  therapy  during 
acute  Digitalis  intoxication.  Fab  treatment 
should  be  recommended  in  patients  exhibiting 
either  severe  ventricular  arrhythmias  or  poor 
prognostic  factors.  Poor  prognostic  factors  of 
acute  Digitalis  poisoning  include:  (a)  advanced 
age,  (b)  heart  disease,  (c)  male  sex,  (d)  high 
degree  atrioventricular  block  or  bradycardia  re¬ 
fractory  to  atropine,  and  (e)  hyperkalemia.  In 


our  experience,  early  treatment  with  Digitalis 
Fab  fragments,  while  expensive,  tends  to  de¬ 
crease  the  duration  of  hospitalization  in  a  critical 
care  unit,  offsetting  the  cost  of  the  antidote  (14). 

Digitalis  Fab  fragments  demonstrated  that 
immunotoxicotherapy  may  be  very  effective 
against  membrane-level  toxins.  The  recent  de¬ 
velopment  of  colchicine-specific  Fab  fragments 
has  revealed  the  exciting  proposition  that  im¬ 
munologic  fragments  which  remain  in  the  ex¬ 
tracellular  space  can  reverse  the  effect  of  in¬ 
tracellular  toxin  [15].  The  reversal  of  colchicine 
toxicity,  at  least  in  the  case  of  delayed  treatment, 
has  not  been  global,  however.  While  there  is 
dramatic  improvement  in  cardiovascular  func¬ 
tion,  the  effect  on  the  hematopoietic  system 
persists. 

As  was  previously  mentioned  with  regard  to 
digoxin,  partial  neutralization  presents  numerous 
advantages  in  immunotoxicotherapy,  due  to  the 
limited  availability  and  high  cost  of  the  antibody 
products.  This  concept  of  partial  neutralization 
has  been  further  exploited  in  the  form  of  col¬ 
chicine-specific  Fab  fragments.  As  animal  experi¬ 
ments  demonstrated  efficacy  of  partial  neutrali¬ 
zation  of  colchicine  [16],  the  first  human  intoxica¬ 
tion  was  treated  with  a  substoichiometric  dose  of 
colchicine-specific  Fab  fragments  [15]. 

Cyanide  poisoning,  more  frequent  than  previ¬ 
ously  suspected  [17],  remains  life-threatening. 
Supportive  treatment  in  association  with  oxygen 
has  been  reported  effective  in  acute  cyanide 
poisoning.  It  should  be  noted  that  all  presently 
available  cyanide  antidotes  except  for  oxygen 
work  on  a  toxicokinetic  basis,  specifically  by  the 
reduction  of  free  cyanide  at  the  tissue  level.  The 
efficacy  of  these  other  antidotes  has  not  been 
unequivocally  proven  in  man.  Hydroxocobalamin 
and  methemoglobin-forming  agents  act  in  prox¬ 
imity  to  the  sites  of  injury,  principally  the  brain 
and  heart.  Thiosulfate  on  the  other  hand  pro¬ 
vides  a  substrate  for  hepatic  metabolism  thus 
acting  at  a  distance  from  the  target  organ.  The 
transformation  of  hydroxocobalamin  to  cyano- 
cobalamin  has  been  demonstrated  in  vivo  in 
acute  cyanide  poisoning  [18].  This  transformation 
is  rapid  and  strictly  related  to  the  concentration 
of  blood  cyanide  up  to  1  mg/1.  It  appears  to  be 
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well  tolerated  in  man  even  in  the  complex  setting 
of  smoke  inhalation  [19].  The  administration  of 
hydroxocobalamin  is  associated  with  a  rapid  and 
constant  improvement  in  systolic  blood  pressure 
alleviating  the  need  for  catecholamine  support. 
Whether  it  provides  additional  benefits  remains 
to  be  seen. 

7.  Non-specific  modulation  of  the  toxicokinetics 

All  drugs  that  improve  the  hemodynamic 
status  may  also  improve  the  perfusion  of  the 
gastrointestinal  tract,  liver  and  kidney.  Thus, 
depending  on  the  amount  of  toxin  remaining  in 
the  gut,  the  net  result  may  be  either  worsening  of 
the  clinical  status  due  to  increased  absorption  or 
improvement  by  promoting  elimination  of  the 
toxicants. 

8.  Conclusion 

Many  possibilities  exist  to  modify  the  tox¬ 
icokinetics  of  a  toxicant  by  specific  antidotes. 
However,  an  efficient  antidote  is  merely  the 
translation  of  what  we  know  of  the  pathophysiol¬ 
ogy  of  the  poisoning.  The  introduction  of  a  new 
antidote  is  the  prize  awarded  for  the  molecular 
approach  to  the  treatment  of  acute  poisoning. 
The  antidotal  approach  to  the  toxicokinetic  treat¬ 
ment  of  human  poisoning  is  less  invasive  and 
more  easily  administered  than  conventional  sup¬ 
portive  therapy,  but  requires  more  sophisticated 
reasoning.  The  ability  to  modify  toxicokinetics 
with  a  new  treatment,  while  demonstrating  an 
understanding  of  the  mechanism  of  action,  must 
never  be  construed  to  be,  in  and  of  itself,  the 
goal  of  therapy.  The  ultimate  evaluation  of  an 
antidote  modifying  toxicokinetics  is  strictly  clini¬ 
cal.  Further  clinical  assessment  of  toxicokinetic 
treatments  on  a  more  stringent  scientific  basis 
using  prospective  methods  must  be  promoted. 
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Abstract 

Cyanide‘s  actions  are  complex  and  cannot  be  attributed  solely  to  inhibition  of  oxygen  utilization.  Recent 
mechanistic  studies  show  that  cyanide  inhibits  multiple  enzymes  and  alters  several  vital  intracellular  processes  to 
produce  the  intoxication  syndrome.  By  understanding  the  intracellular  targets  and  the  mechanisms  underlying  the 
toxicity,  it  is  proposed  that  more  effective  antidotal  regimens  can  be  achieved.  A  mechanistic  based,  multi-step  in 
vitro  model  was  developed  for  screening  potential  cyanide  antidotes.  A  series  of  compounds  was  screened  for  their 
ability  to  reverse  the  effect  of  cyanide  on  six  neurochemical  markers  in  the  PC12  cell  line  (neuronal  cell  model). 
Each  compound  was  assigned  a  composite  score  based  on  the  six  assays;  several  compounds  were  identified  which 
then  exhibited  efficacy  in  animal  testing.  Additional  mechanistic  based  studies  show  that  antioxidants  and  nitric 
oxide  generators  have  promise  as  anti-cyanide  agents.  It  is  concluded  that  mechanistic  based  antidote  design  can  be 
used  to  identify  new  compounds  for  testing  in  animal  models. 

Keywords :  Cyanide  antidotes;  PC12  cell;  Catalase;  Nitric  oxide;  Antioxidants;  Neurotoxicity 


1.  Introduction 

Cyanide  produces  a  rapid  onset  of  toxicity 
which  must  have  vigorous  and  immediate  treat¬ 
ment  to  prevent  morbidity  and  mortality.  Imme¬ 
diate  symptoms  include  convulsions,  seizures, 
respiratory  failure  and  cardiovascular  collapse, 
which  were  thought  to  result  from  inhibition  of 
cytochrome  oxidase  [1].  Recent  studies  indicate 
cyanide‘s  actions  are  complex  and  cannot  be 
attributed  solely  to  inhibition  of  oxygen  utiliza¬ 
tion  [2].  By  understanding  in  detail  the  mecha¬ 
nism  of  toxicity,  mechanistic  based  design  of 
more  effective  antidotal  regimens  can  achieved. 


*  Corresponding  author. 


Development  of  effective  antidotes  for  cyanide 
has  been  an  area  of  active  work  for  over  100 
years  [1].  The  first  compounds  to  be  used  were 
developed  by  empirical  observations  in  which 
animal  studies  were  used  to  find  compounds  that 
would  reverse  toxicity.  In  1888,  Pedigo  showed 
that  amyl  nitrite  was  an  effective  antagonist, 
followed  by  the  observation  by  Lang  in  1894  that 
sodium  thiosulfate  was  effective.  Also  the  use  of 
cobalt  compounds  as  cyanide  complexing  agents 
was  introduced  in  1894.  In  1933,  K.K.  Chen  used 
the  combination  of  nitrite  and  thiosulfate  as  a 
highly  efficacious  antidotal  regimen.  The  mecha¬ 
nism  underlying  the  activity  of  these  antidotes 
was  thought  to  be  understood.  However,  today, 
it  is  becoming  apparent  that  the  mechanism  of 
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both  the  antidotes  and  cyanide  is  more  complex 
than  originally  proposed  [2,3]. 


2.  Mechanisms  of  cyanide  intoxication 

Cyanide  intoxication  is  the  result  of  a  complex 
series  of  effects,  with  the  primary  sites  of  action 
in  the  CNS  and  cardiovascular  system.  A  number 
of  enzymes  and  cellular  processes  are  altered  by 
cyanide,  and  the  manifestations  of  toxicity  are 
the  result  of  these  multiple  actions.  When  consid¬ 
ering  mechanisms,  cyanide  toxicity  can  be  viewed 
from  two  perspectives:  acute  life  threatening  and 
subacute  or  post  intoxication  sequela  (Table  1). 
In  acute  intoxication,  cyanide  produces  a  rapid 
inhibition  of  cytochrome  oxidase,  resulting  in  an 
energy  deficit  within  the  target  tissue  [4].  Addi¬ 
tionally,  a  number  of  other  enzymatic  processes 
are  inhibited  and  may  contribute  to  toxicity  [5,6]. 
This  includes  the  antioxidant  defense  enzymes 
(catalase,  superoxide  dismutase  and  glutathione 
peroxidase).  Cyanide  is  also  a  potent  stimulator 
of  neurotransmitter  release,  both  in  the  CNS  and 
in  the  peripheral  nervous  system  [7].  All  of  these 
events  contribute  to  the  acute  toxic  syndrome 
and  represent  potential  sites  of  antidotal  action. 
In  toxicity  resulting  from  subacute  exposure  or  in 
the  post  intoxication  sequela  characterized  by 
CNS  pathology,  a  number  of  events  contribute  to 
the  toxicity  [8].  The  prolonged  energy  deficit  can 
lead  to  a  loss  of  cellular  calcium  ion  homeostasis 
resulting  in  activation  of  calcium  signalling  cas¬ 
cades  and  eventually  cell  injury.  Within  the  CNS 
the  result  is  damage  to  select  brain  areas. 


Table  1 

Mechanisms  of  cyanide  intoxication 

Acute  life  threatening 

-  Inhibition  of  cytochrome  oxidase 
-Inhibition  of  multiple  enzymes /processes 

-  Global  stimulation  of  CNS 
Subacute  or  post  intoxication  sequela 

-  Prolonged  energy  deficit 

-  Loss  of  ionic  homeostasis 

-  Activation  of  signalling  cascades 

-  Oxidative  stress 
-Necrosis  and/or  apoptosis 


Table  2 


Classes  of  cyanide  antidotes 


Class 

Prototype  antidote 

Detoxification 

Sulfane  Sulfur  Cpds  (thiosulfate) 
Rhodanese 

Scavengers 

MetHb  formers  (nitrite,  DAMP) 
Alpha-ketoglutarate 

Sodium  pyruvate 

Cobalt  Cpds 

Methemoglobin 

Physiological 

Oxygen 

Biochemical 

Chlorpromazine 

Phenoxybenzamine 

Flunarizine 

Naloxone 

Centrophenoxine 

Etomidate 

3.  Classes  of  cyanide  antidotes 

A  wide  variety  of  compounds  have  been  used 
as  cyanide  antidotes  [9]  and  they  can  be  broadly 
classified  into  four  groups  based  on  their  putative 
mechanism  of  antagonism  (Table  2).  Sulfane 
sulfur  compounds  (prototype  is  sodium  thiosul¬ 
fate)  are  substrates  for  rhodanese  (sulfurtransfer- 
ase)  which  converts  cyanide  to  thiocyanate. 
Scavengers  are  compounds  that  inactivate 
cyanide  by  binding  it  or  by  forming  methemoglo- 
bin,  which  in  turn  binds  cyanide.  Oxygen  appears 
to  be  a  physiological  antagonist  which  may 
facilitate  dissocation  of  cyanide  from  cytochrome 
oxidase.  The  compounds  classified  as  biochemi¬ 
cal  antidotes  have  largely  unexplained  mecha¬ 
nisms  and  their  actions  may  be  related  to  in¬ 
tracellular  targets  of  cyanide  other  than  cyto¬ 
chrome  oxidase.  Recent  work  suggests  that  the 
actions  of  many  of  these  antidotes  are  not  clear 
and  may  involve  mechanisms  different  from 
those  originally  proposed  [2].  These  recent 
studies  serve  as  the  basis  to  develop  new  anti¬ 
dotes  with  increased  efficacy. 

4.  Development  of  a  mechanistic-based  anti¬ 
cyanide  screen 

Since  the  CNS  is  extremely  sensitive  to 
cyanide,  a  number  of  neuronal  processes  can  be 
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Table  3 

Neurochemical  markers  of  cyanide  toxicity 

Cytochrome  oxidase  inhibition 
Activation  of  voltage  sensitive  Ca  channels 
Activation  of  receptor  operated  Ca  channels 
Elevation  of  cytosolic  free  Ca2+ 

Activation  of  intracellular  Ca  cascades  (PKC,  PLA2,  PLC) 
Inhibition  of  antioxidant  enzymes  (SOD,  catalase,  gluta¬ 
thione  peroxidase) 

Peroxidation  of  membrane  lipids 
Generation  of  ROS 


used  as  neurochemical  markers  (Table  3).  De¬ 
tailed  studies  in  a  neuronal  cell  model  (rat 
pheochromocytoma  cell  or  PC12  cell)  showed 
that  six  biochemical  responses  to  cyanide  could 
be  used  to  establish  a  screen  for  evaluation  of 
potential  anticyanide  compounds  (Table  4).  The 
goal  was  to  screen  for  compounds  that  could 
inhibit  the  biochemical  alterations  caused  by 
cyanide  [10].  Compounds  active  in  the  screen 
could  then  be  evaluated  in  animals  for  antidotal 
effectiveness.  Potential  antidotal  activity  was 
determined  by  computing  a  composite  score  in 
all  six  assays  for  each  compound  screened.  To 
validate  the  assay,  the  rankings  in  the  in  vitro 
screen  were  correlated  with  their  in  vivo  protec¬ 
tive  effects  (LD50  values).  Over  50  compounds  or 
their  combinations,  including  anticonvulsants, 
adrenergic  blockers,  antioxidants,  and  an- 
tipyschotics  were  tested.  Based  on  the  composite 
scoring  in  all  six  assays,  carbamazepine,  man¬ 
nitol,  allopurinol  and  phenytoin  were  ranked 
respectively  as  the  most  effective  anti-cyanide 
compounds.  The  efficacy  of  these  compounds 
remains  to  be  fully  evaluated  in  animal  studies. 

Table  4 

Chemical  markers  of  PC12  cells  used  in  anticyanide  multiple 
stage  assay 

Marker  Effect  of  cyanide 

Cytochrome  oxidase  Inhibits 

Dopamine  release  Stimulates 

Cytosolic  free  Ca  Increases 

Catalase  Inhibits 

Superoxide  dismutase  Inhibits 

Intracellular  ROS  Stimulates 


5.  Anti-oxidant  defense  and  antidote 
development 

Recent  studies  demonstrate  that  cyanide 
produces  an  immediate  intracellular  generation 
of  reactive  oxygen  species  (ROS)  [6,11,12].  This 
response  is  summarized  in  Fig.  1.  The  process 
underlying  this  action  of  cyanide  is  unknown,  but 
may  result  from  mitochondrial  dysfunction  and/ 
or  activation  of  calcium  sensitive  processes. 
Compounding  the  stimulation  of  ROS  product¬ 
ion,  the  enzymes  of  the  antioxidant  defense 
(catalase,  superoxide  dismutase  and  glutathione 
peroxidase)  are  inhibited  by  cyanide.  ROS  can 
function  as  oxidative  modulators  of  neuronal 
function  and  may  account  for  some  of  the  acute 
neurological  actions  of  cyanide.  On  the  other 
hand,  it  is  well  know  that  ROS  can  initiate  cell 
injury  and  may  play  a  role  in  the  neuronal  injury 
associated  with  subacute  toxicity  or  the  post 
intoxication  sequela  observed  in  some  cases  of 
acute  cyanide  intoxication.  Based  on  these  ob¬ 
servations,  catalase  activity  (the  most  sensitive  of 
the  antioxidant  enzymes  to  cyanide)  was  used  to 
screen  for  potential  anticyanide  compounds. 

Known  cyanide  antidotes  were  screened  for 
their  ability  to  reverse  cyanide  inhibition  of 
catalase  in  PC12  cells  and  this  in  vitro  action  was 
correlated  with  in  vivo  activity  of  known  anti¬ 
dotes  (LD50  values).  The  positive  correlation 
indicates  that  protection  of  catalase  activity  can 
be  used  to  screen  for  anti-cyanide  activity.  Pre¬ 
liminary  results  suggest  anti-oxidants  have  a 
potential  for  antidote  development  and  future 
work  will  focus  on  this  class  of  compounds. 

CN" 

Extracellular 

Intracellular 


ROS 

(OT.-OH-,  H202) 


Effects  defense 

(GSH,  SOD,  Caf) 

Fig.  1.  Cyanide  stimulates  intracellular  generation  of  reactive 
oxygen  species  (ROS)  which  in  turn  either  activate  normal 
intracellular  processes  or  produce  oxidative  damage. 
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6.  Nitric  oxide  generators  as  anti-cyanide 
compounds 

Nitric  oxide  (NO)  is  a  well  characterized 
modulator  of  neuronal  function.  In  the  CNS,  NO 
has  been  shown  to  modulate  the  NMDA  gluta¬ 
mate  receptor  subtype  by  reacting  with  a  redox 
site  on  the  receptor  [13].  Oxidation  of  the  re¬ 
ceptor  redox  site  decreases  opening  of  the  re¬ 
ceptor  channel,  thereby  decreasing  activity  of 
glutamate.  Glutamate  is  the  most  abundant 
neurotransmitter  in  the  CNS  and  activates  ex¬ 
citatory  pathways.  Recent  studies  have  shown 
that  cyanide  activates  the  NMDA  system  and 
this  may  account  for  a  number  of  the  responses 
(seizures,  neurodegeneration).  It  is  possible  that 
cyanide  can  reverse  NOs  actions  on  the  receptor, 
resulting  in  an  enhanced  activation  of  the  re¬ 
ceptor.  These  mechanistic  studies  suggest  NO 
may  reverse  cyanide  actions  on  the  glutamate 
NMDA  system  and  it  is  reasonable  to  propose 
that  NO  generators  may  have  antidotal  activity. 

Isosorbide  dinitrate  (ISDN)  is  a  NO  generator 
which  was  screened  in  mice  for  its  ability  to 
antagonize  cyanide  lethality  [14].  ISDN  alone 
(300  mg/kg,  p.o.)  elevated  the  LD50  of  cyanide 
threefold,  similar  to  that  of  sodium  nitrite  (100 
mg  /kg).  This  dose  of  ISDN  did  not  elevate  blood 
methemoglobin  above  control.  To  ensure  that 
methemoglobin  did  not  play  a  role  in  ISDNs 
antagonism,  mice  were  pretreated  with  methyl¬ 
ene  blue,  a  compound  which  converts  methemo¬ 
globin  to  hemoglobin.  The  antidotal  activity  of 
ISDN  was  not  altered  by  the  methylene  blue 
treatment.  On  the  other  hand  100  mg/kg  sodium 
nitrite  produce  50%  methemoglobin  levels.  In¬ 
terestingly,  by  lowering  the  dose  of  sodium 
nitrite  to  30  mg  /kg,  the  methemoglobin  levels 
were  at  control  levels  and  the  LD50  returned  to 
that  observed  in  mice  receiving  no  antidotes. 

These  results  show  that  ISDN  is  an  effective 
cyanide  antidote  and  its  mechanisms  of  action 
are  not  the  same  as  that  of  sodium  nitrite.  Since 
generation  of  NO  is  a  well  known  action  of 
ISDN  as  an  antianginal  agent,  it  is  possible  that 
NO  generation  is  also  the  mechanism  of  cyanide 
antagonism  by  ISDN. 


7.  Conclusions 

Based  on  these  studies  it  is  apparent  that 
sensitive  markers  of  toxicity  can  be  identified 
from  mechanistic  studies  which  can  be  used  in 
studying  compounds  for  potential  antidotal  ac¬ 
tivity.  By  using  mechanistic  based  antidote  de¬ 
sign,  several  new  classes  of  lead  compounds  have 
been  identified  and  additional  animal  testing  is 
required  to  establish  their  antidotal  efficacy. 
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Abstract 

Drug-specific  antibodies  have  been  used  clinically  to  treat  digoxin  or  colchicine  overdose.  The  lethal  dose  of 
tricyclic  antidepressants  (TCAs)  is  100  times  higher,  and  will  require  higher  doses  of  antibodies  (up  to  several  g/kg) 
to  reverse  toxicity.  Preliminary  studies  suggest  that  this  is  feasible.  High  affinity  TCA-specific  monoclonal  Fab'  or 
polyclonal  Fab  fragments  rapidly  reverse  the  cardiovascular  toxicity  of  the  TCA  desipramine  (DMI)  in  rats,  and 
prolong  survival.  TCA-specific  Fab'  or  Fab  is  generally  well  tolerated  in  rats,  but  doses  several  times  higher  than 
anticipated  for  human  use  may  have  adverse  effects.  Combining  Fab  with  standard  therapies  for  TCA  overdose, 
such  as  NaHCO,,  can  reduce  the  required  Fab  dose.  As  an  alternative,  a  recombinant  single  chain  Fv  fragment 
(sFv),  one  half  the  size  of  Fab,  has  been  cloned  which  retains  a  high  affinity  for  DMI  and  is  able  to  alter  DMI 
distribution  in  vivo.  Because  sFv  has  a  shorter  elimination  half-life  and  more  extensive  renal  excretion  than  Fab,  it 
may  have  therapeutic  advantages. 

Keywords:  Tricyclic  antidepressant;  Drug-specific  antibody;  Immunotherapy 


Drug-specific  antibodies  represent  an  attrac¬ 
tive  approach  to  the  treatment  of  drug  overdose. 
Protein  (or  antibody)  bound  drug  is  generally 
inactive.  Administration  of  a  sufficient  dose  of 
drug-specific  antibody  can  bind  drug,  and  pre¬ 
vent  its  distribution  to  target  tissues  or  redistri¬ 
bute  it  out  of  target  tissues  after  distribution  to 
these  sites  has  taken  place  [1],  If  the  50-kDa  Fab 
fragment  is  used  rather  than  intact  IgG  (Fig.  1), 
this  fragment  is  largely  excreted  in  urine,  pro¬ 
viding  a  route  of  elimination  to  both  Fab  and 
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Fab-bound  drug  [2].  Because  high  affinity  anti¬ 
bodies  can  be  readily  produced  for  most  drugs, 
this  strategy  is  potentially  applicable  to  virtually 
any  type  of  drug  overdose. 

The  clinical  usefulness  of  drug-specific  Fab  has 
been  well  established  for  digoxin  overdose.  Ad¬ 
ministered  at  an  equimolar  dose,  digoxin-specific 
Fab  reverses  digoxin  toxicity  and  is  well  tolerated 
[3].  More  recently,  a  drug-specific  Fab  has  also 
been  used  to  reverse  toxicity  in  a  patient  with 
colchicine  overdose  [4].  These  applications  dem¬ 
onstrate  the  feasibility  of  this  therapy  and  pro¬ 
vide  interventions  for  two  overdoses  that  are 
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B9  sFv  Construct 

Fig.  1.  Schematic  representation  of  antibody  and  antibody 
fragment  structures.  Single  chain  Fv  fragment  is  composed  of 
Vu  and  VL  regions  joined  by  a  flexible  15  amino  acid  linker 
that  tethers  these  regions  together  but  does  not  affect  hapten 
binding.  Adapted  with  permission  from  Huston  et  al.  [16]. 


otherwise  very  difficult  to  treat.  However,  both 
digoxin  and  colchicine  are  atypical  drugs  in  that 
they  are  very  potent;  their  toxic  dose  is  quite  low 
and  the  dose  of  Fab  fragment  required  to  reverse 
toxicity  is  correspondingly  low.  Most  drugs  of 


Table  1 


Toxic  doses  of  some  drugs  and  the  equimolar  dose  of  Fab 


Drug 

Toxic  dose  (mg) 

Fab  dose  (g) 

Digoxin 

15 

1 

Colchicine 

80 

10 

Tricyclic  antidepressant 

2000 

333 

clinical  interest  have  toxic  doses  10-100  times 
higher  and  will  require  proportionally  higher 
doses  of  Fab  to  treat  overdose.  For  example, 
drugs  such  as  tricyclic  antidepressants,  barbitu¬ 
rates,  aspirin,  and  theophylline  all  have  toxic 
doses  that  are  much  higher  than  that  of  digoxin 
or  colchicine  (Table  1).  The  generality  of  drug- 
specific  Fab  as  an  antidote  depends  entirely  upon 
whether  this  therapy  can  be  scaled  up  by  several 
orders  of  magnitude. 

Tricyclic  antidepressant  (TCA)  toxicity  is  the 
leading  cause  of  death  from  intentional  drug 
overdose  in  the  USA  [5],  The  toxic  dose  of  the 
TCAs  is  more  than  100  times  that  of  digoxin. 
TCA  toxicity  therefore  provides  a  reasonable 
and  clinically  important  model  for  studying  the 
feasibility  of  drug-specific  Fab  for  drugs  that 
have  a  very  high  toxic  dose.  General  questions 
that  must  be  addressed  include  (1)  are  the 
pharmacokinetic  properties  of  Fab  (small  volume 
of  distribution,  rapid  renal  elimination)  altered  at 
high  doses,  (2)  is  therapeutic  efficacy  maintained 
at  high  Fab  and  drug  doses,  (3)  is  high  dose  Fab 
in  itself  toxic,  and  (4)  is  high  dose  Fab  pro¬ 
duction  economically  feasible.  Preliminary 
studies  have  begun  to  address  these  issues. 

The  pharmacokinetic  properties  of  digoxin- 
specific  Fab  that  allow  its  efficacy  are  a  small 
volume  of  distribution  (approximating  the  ex¬ 
tracellular  space),  a  short  half  life  (24  h  in 
humans),  and  substantial  renal  elimination 
(>50%  of  total  clearance)  [6].  Pharmacokinetic 
studies  of  high  doses  of  Fab  have  been  per¬ 
formed  in  rats  and  dogs  using  nonspecific  human 
Fab.  In  rats  receiving  a  Fab  dose  of  7.5  g/kg, 
pharmacokinetic  parameters  (Table  2)  closely 
approximated  those  reported  for  lower  doses  of 
digoxin-specific  Fab  in  dogs,  baboons,  or  humans 


Table  2 


Comparison  of  pharmacokinetic  parameters  of  high  doses  of  nonspecific  Fab  in  rats  and  dogs;’ 


Vss 

(L/kg) 

Cl, 

(ml/kg/h) 

ciR 

(ml/kg/h) 

F 

urine 

(3  t/2 
(hours) 

Rat 

0.43 

27.2 

8.9 

0.31 

16.3 

Dog 

0.43 

9.2 

1.9 

0.10 

44.5 

Vss.  steady  state  volume  of  distribution;  C1T,  total  body  clearance;  C1R,  renal  clearance;  Furintf,  fraction  excreted  in  urine;  (2  t/2, 
terminal  half-life. 

'Fab  dose:  rats  7.5  g/kg  i.v.  over  1  h,  dogs  5.2  or  3.2  g/kg  (data  combined)  i.v.  over  1  h. 
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[7].  The  elimination  half-life  of  high  dose  non¬ 
specific  Fab  in  dogs  was  somewhat  longer  and 
the  fraction  excreted  in  urine  somewhat  lower, 
but  still  in  a  range  that  should  allow  Fab  to  be  an 
effective  antidote  [8].  Thus  the  pharmacokinetic 
properties  of  Fab  appear  to  be  similar  over  a 
wide  range  of  Fab  doses,  including  those  that 
would  be  needed  to  treat  TCA  overdose. 

High  doses  of  Fab  were  well  tolerated  in  rats, 
with  no  changes  in  cardiovascular  parameters 
acutely,  normal  wakening  from  anesthesia,  and 
normal  organ  histology  at  21  days  [7].  Dogs  also 
tolerated  the  Fab  infusion  well,  but  developed 
transient  renal  insufficiency  [8].  Whether  this  was 
due  to  the  Fab  or  to  contaminant  proteins  is 
unclear.  All  animals  survived  for  21  days  and  had 
normal  organ  histology  (including  kidneys)  at 
that  time.  Thus  administration  of  high  doses  of 
Fab  fragment  appears  possible,  but  more  safety 
data  are  needed. 

The  efficacy  of  DMI-specific  antibody  frag¬ 
ments  has  been  demonstrated  in  rats  with  DMI 
toxicity  by  their  ability  to  redistribute  DMI  from 
tissues  into  serum,  enhance  DMI  renal  excretion, 
reduce  cardiovascular  toxicity,  and  prolong  sur¬ 
vival  [2,9-11].  DMI  toxicity  in  rats  (and  humans) 
is  characterized  by  hypotension  and  prolongation 
of  the  electrocardiographic  QRS  interval  [12]. 
Several  different  DMI-specific  antibodies  have 
been  studied  with  regard  to  their  effects  on  these 
parameters.  A  high  affinity  (Xa  =  3xl08  M-1) 
monoclonal  antibody  was  studied  after  its  diges¬ 
tion  to  the  55-kDa  Fab'  fragment,  which  is  about 
10%  larger  than  Fab  but  appears  to  have  similar 
pharmacokinetic  properties  (the  Fab'  fragment 
was  used  because  it  is  easier  to  produce  in  large 
quantities  from  this  particular  monoclonal  anti¬ 
body)  [9].  Rats  received  DMI  30  mg  /kg  i.p. 
followed  by  1  g/kg  of  G5-Fab',  a  molar  Fab 7 
DMI  ratio  of  0.09.  G5-Fab'  rapidly  increased  the 
DMI  serum  concentration  15-fold,  demonstrating 
the  redistribution  of  DMI  out  of  tissues.  Concur¬ 
rently,  the  G5-Fab'  reduced  QRS  prolongation, 
illustrating  several  important  points.  First,  thera¬ 
peutic  effect  was  achieved  rapidly,  with  onset 
during  the  10-min  Fab'  infusion  and  maximal 
effect  by  the  end  of  infusion  (Fig.  2).  This  is 
critically  important  for  TCA  overdose,  as  most 


Fig.  2.  Effects  of  G5  (anti-TCA)  Fab'  fragment  and  hy¬ 
pertonic  NaHCO,  on  the  percent  change  in  QRS  duration. 
DMI  30  mg/ kg  was  administered  at  0  min,  and  treatments 
were  administered  starting  at  15  min.  DMI  prolonged  QRS 
duration,  and  anti-TCA  Fab'  alone  produced  a  rapid  reduc¬ 
tion  in  QRS  duration  (P<0.01).  The  combined  effect  of 
anti-TCA  Fab'  and  NaHC03  was  greater  than  that  of  either 
treatment  alone  (P<  0.001).  Reprinted  with  permission  from 
Brunn  et  al.  [9], 

deaths  occur  in  the  first  1-2  h  after  ingestion  and 
rapid  treatment  is  essential.  Second,  G5-Fab' 
efficacy  was  observed  at  a  relatively  low  Fab  7 
DMI  molar  ratio,  unlike  the  equimolar  ratio 
usually  used  to  treat  digoxin  overdose.  Whether 
this  is  due  to  DMI  having  a  steep  dose-response 
curve,  or  the  selective  redistribution  of  DMI 
from  target  sites  is  not  clear.  In  either  case,  the 
unexpectedly  low  Fab'  dose  required  should  be 
helpful  in  minimizing  both  the  possibility  of  toxic 
effects  from  the  antibody  and  its  cost.  G5-Fab'  is 
also  effective  in  improving  blood  pressure  in  rats 
with  DMI  toxicity,  again  at  a  relatively  low  molar 
ratio  (Fig.  3)  [9]. 

Another  strategy  to  reduce  the  required  Fab' 
dose  is  to  combine  it  with  other  treatments. 
Hypertonic  NaHC03  has  been  shown  to  reduce 
the  cardiotoxicity  of  TCAs,  although  it  is  often 
ineffective  in  the  most  seriously  poisoned  pa¬ 
tients.  NaHC03  acts  as  a  physiologic  antagonist, 
reducing  the  TCA-induced  sodium  channel  bloc¬ 
kade  that  is  responsible  for  TCA  cardiotoxicity 
[13].  The  combined  use  of  NaHC03  and  DMI- 
specific  Fab'  produces  a  greater  improvement  in 
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Minutes 

Fig.  3.  Effects  of  G5  (anti-TCA)  Fab'  fragment  on  hypoten¬ 
sion.  DMI  60  mg/kg  was  administered  at  0  min,  and  treat¬ 
ments  were  administered  starting  at  15  min.  DMI  produced 
substantial  hypotension,  and  anti-TCA  Fab'  rapidly  improved 
blood  pressure  (PcO.Ol).  Reprinted  with  permission  from 
Brunn  et  al.  [9]. 

DMI-induced  QRS  prolongation  than  either 
treatment  alone  [9].  Presumably  this  beneficial 
interaction  results  from  combining  phar¬ 
macodynamic  (NaHC03)  and  pharmacokinetic 
(Fab)  antidotes. 

The  G5  monoclonal  antibody  has  been  useful 
in  establishing  the  efficacy  of  this  approach  to 
DMI  overdose  in  the  rat  model.  However,  poly¬ 
clonal  antibodies  may  have  advantages  as  a 
pharmaceutical  agent  for  several  reasons.  First, 
polyclonal  antibodies  typically  have  higher  af¬ 
finities  for  a  given  hapten  than  their  monoclonal 
counterparts.  Second,  it  is  possible  to  produce 
polyclonal  antibodies  with  broad  specificity,  an 
important  advantage  for  TCA  overdose  in  that 
more  than  a  dozen  different  TCAs  are  in  use 
worldwide.  Third,  polyclonal  antibodies  may  be 
less  expensive  to  produce  if  high  titers  are 
achievable.  We  therefore  evaluated  a  poly¬ 
specific,  polyclonal  affinity-purified  Fab  as  a 
treatment  for  DMI  toxicity  [14].  This  Fab  (desig¬ 
nated  TFab)  has  a  very  high  affinity  for  DMI 
(1.4  X  10 10  M  1 ),  but  also  has  high  affinities  for 
imipramine,  amitriptyline,  and  nortriptyline.  As 
with  monoclonal  Fab',  TFab  rapidly  redistributes 
DMI  and  reverses  DMI-induced  QRS  prolonga¬ 
tion  in  rats.  Doses  of  1  or  2  g/kg  (TFab /DMI 
ratios  of  0.11  or  0.22)  are  effective.  The  lower 


cost  of  this  polyclonal  Fab  has  allowed  the  use  of 
larger  doses  to  treat  rats  receiving  higher  (fatal) 
doses  of  DMI  [9].  When  DMI  is  infused  continu¬ 
ously  until  death,  TFab  at  a  dose  of  2  g/kg 
(molar  Fab /DMI  ratio  0.21)  prolonged  survival 
by  50%  (Table  3).  This  relatively  low  molar  ratio 
of  Fab /DMI  is  therefore  effective  not  just  for 
surrogate  markers  of  outcome  (QRS  duration, 
hypotension),  but  also  for  prolonging  survival. 
These  data  support  the  further  study  of  drug- 
specific  Fab  as  a  clinical  treatment  of  TCA 
overdose. 

Although  highly  effective  as  antidotes,  some 
caution  is  warranted  with  regard  to  the  potential 
side  effects  of  high  dose  Fab  therapy.  In  studies 
of  TFab  in  rats,  several  rats  died  after  initial 
improvement  [14].  TFab  is  not  in  itself  toxic,  as 
doses  higher  than  anticipated  for  clinical  use  (4 
g/kg)  are  well  tolerated  in  anesthetized  rats  in 
the  absence  of  DMI  [15].  Possibly  the  combined 
effects  of  DMI  toxicity,  several  hours  of  anes¬ 
thesia  and  the  large  protein  and  volume  load 
associated  with  antibody  administration  caused 
the  observed  deaths.  The  previously  noted  ability 
of  TFab  to  prolong  survival  in  rats  during  DMI 
infusion  argues  that  TFab  is  nevertheless  benefi¬ 
cial  in  seriously  poisoned  animals.  Clearly,  efforts 
to  reduce  the  required  TFab  dose,  such  as 
concurrent  administration  of  NaHC03,  should 
be  pursued. 

Another  strategy  for  reducing  the  antibody 
dose  is  the  use  of  still  smaller  fragments.  The 
protein  domains  responsible  for  hapten  binding 
are  contained  within  the  N-terminal  half  of  the 
Fab  fragment.  It  is  possible  to  produce  a  25-kDa 
Fv  fragment  that  fully  retains  the  ability  of  the 

Table  3 

Effects  of  a  TCA-specific  polyclonal  Fab  (TFab)  on  survival 
in  rats  receiving  a  constant  infusion  of  DMI  until  death. 
Duration  of  survival  and  cumulative  DMI  dose  (mean  ± 
S.D.)  were  both  substantially  increased  by  TFab  administra¬ 
tion  (P  <  0.01 )  compared  to  control  groups  that  received 
NaCl  or  albumin 


Group 

Time  of  death  (min) 

DMI  dose  (mg/kg) 

NaCl 

31.8  ±6.3 

63.5  ±  12.6 

Albumin 

31.6  ±6.2 

63.3  ±  12.5 

TFab 

50.0  ±  8.5 

100  ±16.9 

P.R.  Pentel,  D.E.  Keyler  /  Toxicology  Letters  82183  (1995)  801-806 


805 


parent  IgG  to  bind  hapten  (Fig.  1).  However, 
this  fragment  is  unstable  because  it  lacks  the 
covalent  interchain  disulfide  bond  of  the  Fab 
fragment,  and  is  therefore  difficult  to  produce. 
As  an  alternative,  it  is  possible  to  clone  the  VH 
and  VL  genes,  introduce  a  linker  sequence,  and 
express  a  recombinant  single  chain  Fv  fragment 
with  VH  and  VL  chains  covalently  joined  by  a  15 
amino  acid  peptide  that  acts  as  a  tether  and 
stabilizes  the  protein  [16].  Such  single  chain  Fv 
fragments  (sFv)  can  be  expressed  at  high  levels  in 
cultured  cells.  Potential  advantages  of  recombi¬ 
nant  sFv  as  an  antidote  compared  to  Fab  are  its 
smaller  size  (and  therefore  dose),  more  extensive 
renal  excretion,  and  the  potential  to  engineer  the 
fragment  to  alter  and  improve  its  therapeutic 
properties  [17,18]. 

DMI-specific  sFv  has  been  cloned  from  a 
monoclonal  antibody  (designated  B9).  The  B9- 
sFv  can  be  expressed  at  very  high  levels  (up  to  40 
mg/1)  in  cultured  NSO  myeloma  cells  and 
purified  in  one  step  by  direct  application  of 
medium  to  an  affinity  column.  This  fragment  has 
nearly  the  same  affinity  for  DMI  as  the  corre¬ 
sponding  Fab  (1.3  vs.  2.0  x10s  M  !).  Prelimin¬ 
ary  studies  with  small  doses  of  B9-sFv  show  that 
it  can  alter  DMI  pharmacokinetics  by  rapidly 
redistributing  DMI  from  tissues  into  serum  (un¬ 
published  data).  The  extent  of  redistribution  was 
greater  for  B9-IgG  or  B9-Fab,  but  these  also 
have  smaller  volumes  of  distribution  than  sFv 
and,  consequently,  higher  serum  concentrations. 
Thus  the  lesser  redistribution  of  DMI  after  B9- 
sFv  may  reflect  its  more  rapid  distribution  out  of 
serum  rather  than  lesser  efficacy.  These  data 
support  the  study  of  recombinant  sFv  as  an 
alternative  to  monoclonal  or  polyclonal  antibody 
fragments.  A  potential  disadvantage  of  B9-sFv 
(and  of  sFv  in  general)  is  its  poor  stability  at 
37°C.  Site  directed  mutagenesis  to  improve 
stability  has  been  successful  for  some  sFv  frag¬ 
ments  [19,20]  and  demonstrates  the  advantage  of 
having  a  recombinant  protein  that  can  be  en¬ 
gineered  to  improve  its  therapeutic  properties 
(or  reduce  toxicity  if  this  proves  to  be  a  prob¬ 
lem).  Further  studies  of  B9-sFv  to  determine 
whether  it  reverses  DMI  toxicity  are  clearly  of 
interest. 


In  summary,  the  use  of  drug-specific  antibodies 
may  represent  a  general  strategy  applicable  to 
the  treatment  of  a  wide  variety  of  drug  or 
chemical  toxicities.  To  accomplish  this,  it  is 
necessary  to  scale  up  this  intervention  several 
orders  of  magnitude  from  its  two  demonstrated 
clinical  applications,  digoxin  and  colchicine  over¬ 
dose.  Animal  studies  of  DMI  overdose  suggest 
that  this  is  feasible,  but  the  high  Fab  dose 
required  poses  challenges  with  regard  to  both 
safety  and  cost.  The  use  of  strategies  to  minimize 
the  Fab  dose,  or  the  use  of  smaller  recombinant 
antibody  fragments,  offer  possible  means  of 
overcoming  these  difficulties. 
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Abstract 

Heterologous  expression  systems  have  proven  to  be  very  important  in  P450  research,  permitting  investigation  of 
many  P450s  identified  only  by  recombinant  (cloning)  technologies.  They  also  make  it  possible  to  study  human  P450s 
since  tissue  sources  for  naturally  occurring  enzymes  are  difficult  to  obtain.  A  variety  of  different  heterologous 
systems  have  been  applied  to  the  study  of  P450s  and  each  one  has  its  own  unique  advantages.  For  the  study  of 
biophysical  properties  and  structure /function  relationships,  E.  coli  has  proven  to  be  a  particularly  good  system. 
Both  microsomal  and  mitochondrial  P450s  can  be  expressed  to  high  levels  in  E.  coli  and  subsequently  purified  to 
homogeneity  for  detailed  analysis.  Techniques  of  both  site  directed  mutagenesis  and  random  chimeragenesis  are 
very  facile  in  bacteria  providing  excellent  opportunity  to  analyze  specific  aspects  of  structure /function  relationships 
of  P450s.  Furthermore  microsomal  P450s  are  active  in  intact  E.  coli ,  activities  being  supported  by  flavodoxin  and 
flavodoxin  reductase,  providing  the  opportunity  to  develop  bioreactors  expressing  designer  P450s.  The  salient 
features  of  P450  expression  in  bacteria  are  summarized  herein. 

Keywords:  P450  expression;  E.  coli ;  Flavodoxin;  Chimeragenesis;  P450scc;  P450cl7 


1.  Introduction 

The  remarkable  development  of  the  tech¬ 
niques  of  molecular  biology  has  made  possible 
the  cloning  of  a  great  many  new  forms  of  P450, 
including  previously  inaccessible  human  forms. 
This  technology  has  led  to  the  discovery  of  many 
P450s  having  unknown  enzymatic  properties.  To 
investigate  the  catalytic  activities  of  these  newly 
discovered  enzymes,  the  use  of  heterologous 
expression  systems  has  been  applied  to  the  study 
of  P450s.  The  reasons  for  developing  hetero- 
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logous  P450  expression  systems  are  several,  in¬ 
cluding: 

1.  Opportunity  to  study  activities  of  specific 
forms  of  P450  in  the  absence  of  other  forms. 

2.  Opportunity  to  study  the  capacity  of  a 
specific  form  of  P450  to  metabolize  a  lead 
compound  and  to  obtain  sufficient  amounts 
of  resulting  metabolites  for  structural  analy¬ 
sis. 

3.  Large-scale  production  of  P450s  for  struc¬ 
tural  and  other  biophysical  studies. 

4.  Generation  of  bioreactors  containing  P450 
activities  to  be  used  in  commercial  pro¬ 
cesses  for  chemical  synthesis  and 
bioremediation. 

A  variety  of  different  heterologous  expression 
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systems  have  been  shown  to  be  useful  in  P450 
research  including,  yeast,  COS  cells,  vaccinia 
virus,  transformed  animal  cell  lines,  baculovirus 
and  E.  coli  [1].  Each  of  these  systems  has  its  own 
unique  properties  and  will  be  selected  for  use  by 
different  laboratories  depending  on  their  par¬ 
ticular  needs.  Two  of  these  systems  are  of  par¬ 
ticular  use  for  large  scale  production  of  P450s: 
baculovirus  (Sf9  cells)  and  E.  coli.  The  particular 
reasons  for  wanting  to  produce  large  quantities 
of  P450s  revolve  around  the  study  of  structure/ 
function  relationships.  Of  course,  three-dimen¬ 
sional  structure  determination  requires  large 
quantities  of  highly  purified  protein.  For  the 
study  of  most  eukaryotic  P450s,  particularly 
human  forms,  overexpression  in  a  heterologous 
system  is  the  only  practical  way  to  obtain  suffi¬ 
cient  quantities  for  crystallography.  Furthermore, 
to  translate  structural  information  into  under¬ 
standing  of  P450  function,  it  is  necessary  to  be 
able  to  modify  the  P450  sequence  and  to  mea¬ 
sure  in  detail  the  various  properties  of  the 
modified  enzyme.  Both  baculovirus  and  E.  coli 
are  suitable  for  these  needs.  We  have  compared 
expression  levels  of  the  same  P450,  bovine  Ha- 
hydroxylase  cytochrome  P450,  (P450cl7)  in  dif¬ 
ferent  expression  systems  [2]  and  have  found  that 
E.  coli  produces  the  largest  amount  of  functional 
P450  per  liter  culture.  Furthermore  E.  coli  is 
much  more  facile  for  mutagenesis  studies  than  is 
baculovirus  and  culture  costs  are  significantly 
cheaper.  This  article  focuses  on  the  development 
of  genetically  engineered  bacteria  which  over¬ 
express  eukaryotic  P450s. 


2.  Expression  vectors 

All  eukaryotic  P450s  are  known  to  be  integral 
membrane  proteins.  The  majority  of  such  P450s 
are  localized  in  the  endoplasmic  reticulum  and 
participate  in  an  electron  transport  system  con¬ 
sisting  of: 

NADPH^  NADPH-cytochrome  P450  reductase— » P450 

(FAD,  FMN) 

Perhaps  as  many  as  10%  of  the  eukaryotic  P450s 


are  localized  to  the  inner  mitochondrial  mem¬ 
brane  and  participate  in  an  electron  transport 
system  consisting  of: 

NADPH— *  Ferredoxin  reductase— >  Ferredoxin  — >  P450 
(FAD)  (2Fe-2S) 

Utilizing  different  expression  vectors  we  have 
developed  overexpression  systems  for  both 
microsomal  and  mitochondrial  P450s.  The 
pCWori+  vector  [3]  has  been  found  to  be  excel¬ 
lent  for  overexpression  of  microsomal  P450s  [4]. 
Other  vectors  have  worked  wen- for  low  expres¬ 
sion  of  microsomal  P450  [5,6]  but  based  on  our 
studies  [2,3]  and  those  of  others  [7-13],  pCW  is 
very  useful  for  high  level  expression  of  many 
different  microsomal  P450s.  Expression  levels 
higher  than  1.0  /xmol/1  culture  have  been 
achieved.  The  pTrc99A  vector  has  served  well 
for  overexpression  of  the  mitochondrial  P450, 
cholesterol  side  chain  cleavage  cytochrome  P450 
(P450scc)  [14]  and  recently  has  been  found  useful 
in  another  laboratory  for  expression  of  choles¬ 
terol  27-hydroxylase  cytochrome  P450  (P450c27) 
[15].  We  have  achieved  levels  of  250  nmol 
P450scc/1  culture. 

Requirements  for  expression  of  proteins  in  E. 
coli  have  been  examined  in  detail.  One  of  the 
key  requirements  is  the  second  codon  [16].  Cer¬ 
tain  triplets  are  much  more  effective  as  the 
second  codon  than  others,  and  we  have  modified 
the  amino  terminal  sequence  of  both  the  P450cl7 
and  P450scc  cDNAs  so  that  the  second  codon  is 
GCT(Ala)  in  the  pCW  construct  [4]  and 
GTC(Val)  in  the  pTrc99A  construct  [14]. 
Furthermore,  in  the  pCW  construct  (microsomal 
P450)  silent  changes  were  made  in  the  first  eight 
codons  to  enhance  the  A-T  richness  of  this 
region  to  reduce  the  tendency  for  secondary 
structure  formation  of  hairpin  loops  in  the  re¬ 
sultant  RNA.  The  changes  noted  below  (indi¬ 
cated  in  bold)  led  to  the  difference  between  no 
expression  in  E.  coli  strain  JM109  as  measured 
by  immunoblot  analysis  (native  sequence)  and  an 
expression  level  of  750  nmol  P450cl7/1  culture 
(modified  sequence)  [4]. 

Native  bovine  P450cl7: 

ATG  TGG  CTG  CTC  CTG  GCT  GTC  TTT 

Met  Trp  Leu  Leu  Leu  Ala  Val  Phe 
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Modified  P450cl7: 

ATGGCTCTGTTATTAGCAGTTTTT 
Met  Ala  Leu  Leu  Leu  Ala  Val  Phe 

Several  laboratories  have  found  that  by  using 
the  precise  modified  eight  codons  shown  above 
at  the  5 '-end  of  the  cDNA  encoding  their  favo¬ 
rite  P450,  high  level  expression  of  forms  from 
different  CYP  gene  families  can  be  obtained. 
Thus  these  eight  codons  are  particularly  favor¬ 
able  for  expression  of  functional  forms  of  micro¬ 
somal  P450s. 

Having  expressed  bovine  P450cl7  to  a  high 
level  in  E.  coli  we  next  tried  expression  of  human 
P450cl7  following  the  same  rules  (in  bold),  but 
not  the  precise  5'  coding  sequence,  used  for  the 
bovine  enzyme  [17]. 

Native  human  P450cl7: 

ATG  TGG  GAG  CTC  GTG  GCT  CTC  TTG 

Met  Trp  Glu  Leu  Val  Ala  Leu  Leu 

Modified:  ATG  GCT  G AA  TTA  TTA  GCA  CGT  TTG 

Met  Ala  Glu  Leu  Leu  Ala  Leu  Leu 

These  modifications  lead  to  production  of  only 
about  40  nmol  P450cl7/1  culture,  whereas  the 
precise  modified  bovine  sequence  shown  above 
when  used  in  place  of  the  first  eight  codons  of 
human  P450cl7  leads  to  400  nmol  P450cl7/1 
culture.  This  result  further  emphasizes  how  well 
the  modified  sequence  used  for  expression  of 
bovine  P450cl7  can  be  applied  to  expression  of 
other  microsomal  P450s.  Another  interesting 
point  from  comparison  of  expression  of  bovine 
and  human  P450cl7  is  that  even  when  using 
precisely  the  same  first  eight  codons,  bovine 
P450cl7  is  always  expressed  at  about  twice  the 
level  achieved  for  human  P450cl7.  Thus  the  level 
of  expression  is  also  influenced  by  the  remainder 
of  the  coding  sequence;  that  of  human  P450cl7 
being  less  effective  than  that  of  bovine  P450cl7 
for  protein  production  in  E.  coli. 


3.  E .  coli  as  a  bioreactor 

One  of  the  futuristic  yet  practical  goals  of  P450 
research  is  to  be  able  to  develop  systems  which 
take  advantage  of  the  unique  chemistry  catalyzed 


by  P450s  to  carry  out  important  commercial 
tasks.  For  example,  the  use  of  P450s  can  be 
imagined  in  synthesis  of  drugs  and  fine  chemi¬ 
cals,  use  in  pollution  control  and  bioremediation, 
and  perhaps  even  for  the  development  of  bio¬ 
medical  replacement  systems.  One  strategy  for 
this  goal  is  to  develop  microorganisms  which  can 
carry  out  such  tasks.  For  example,  yeast  which 
express  a  complement  of  CYP  genes  and  contain 
an  endogenous  microsomal  NADPH-cytochrome 
P450  reductase,  could  serve  such  a  role  following 
transformation  with  cDNAs  encoding  recombi¬ 
nant  P450s. 

A  surprising  result  from  the  development  of 
the  expression  system  for  bovine  P450cl7  in  E. 
coli  was  that  the  enzyme  was  active  in  intact 
bacteria  [4].  This  was  surprising  for  two  reasons. 
First,  mitochondria  are  thought  to  have  evolved 
from  bacteria  and  one  might  have  predicted  that 
mitochondrial  P450s  would  be  active  in  E.  coli 
(they  are  not)  rather  than  microsomal  P450s. 
Second,  E.  coli  are  not  known  to  express  P450s 
and  are  reported  not  to  contain  NADPH-cyto¬ 
chrome  P450  reductase  [18].  The  E.  coli  ‘P450 
reductase  system’  was  found  to  be  in  the  cytosol, 
not  the  membrane  fraction  which  contains  the 
P450cl7  [4].  We  have  purified  this  P450  reductase 
system  finding  it  to  be  composed  of  two  com¬ 
ponents,  flavodoxin  and  fiavodoxin  reductase 
[19].  Flavodoxin  is  a  19-kDa,  FMN-containing 
protein  and  flavodoxin  reductase  is  a  29-kDa 
FAD-containing,  NADPH-binding  protein.  Thus 
the  electron  transport  system  is: 

NADPH  -»  Flavodoxin  reductase  -*  Flavodoxin  P450 
(FAD)  (FMN) 

It  is  possible  that  NADPH-cytochrome  P450 
reductase  evolved  from  this  two  component 
system  [18].  Presence  of  flavodoxin /flavodoxin 
reductase  which  supports  microsomal  p450  ac¬ 
tivities  in  E.  coli  suggests  that  this  microorganism 
could  be  quite  useful  as  a  bioreactor  following 
transformation  of  recombinant  microsomal  P450. 
The  activity  produced  by  the  endogenous  flavo¬ 
doxin /flavodoxin  reductase  system  is  about  40% 
that  obtained  in  a  reconstitution  system  using 
purified  rat  liver  P450  reductase.  Thus  overex¬ 
pression  of  both  flavodoxin  and  flavodoxin  re- 


810 


M.R.  Waterman  et  al.  /  Toxicology  Letters  82/83  (1995)  807-813 


ductase  might  be  necessary  to  develop  an  effi¬ 
cient  bioreactor. 

Another  approach  to  generating  such  a  bio¬ 
reactor  is  derived  from  the  characterization  of 
the  bacterial  P450,  P450BM_3.  P450BM_3  is  a  fusion 
protein  consisting  of  an  N-terminal  P450  domain 
and  a  C-terminal  P450  reductase  domain  [20]. 
This  enzyme  has  a  very  high  turnover  number 
suggesting  that  expression  of  a  recombinant 
fusion  protein  might  lead  to  elevated  P450  turn¬ 
over  numbers  in  microorganisms.  This  strategy 
was  shown  to  work  well  in  yeast  [21]  and  has 
now  been  applied  to  E.  coli  [8].  These  fusion 
proteins  with  moderately  elevated  turnover  num¬ 
bers  will  permit  development  of  bioreactors 
having  P450  activities  similar  to  those  measured 
in  animal  cells.  Further  enhancement  of  the 
enzymatic  activity  of  these  fusion  proteins  or 
overexpression  of  flavodoxin/flavodoxin  reduc¬ 
tase  in  order  to  produce  microorganisms  having 
high  levels  of  P450  activity  remains  to  be  accom¬ 
plished.  However,  the  unique  chemistry  cata¬ 
lyzed  by  P450s  and  the  potential  for  engineering 
P450s  to  catalyze  very  specific  reactions,  makes 
development  of  such  bioreactors  having  high 
level  P450  activities  an  important  goal. 

4.  E.  coli  and  P450  structure /function 

Not  only  can  P450s  (both  mitochondrial  and 
microsomal  forms)  be  overexpressed  to  high 
levels  in  E.  coli ,  they  can  be  purified  to  homo¬ 
geneity  from  bacterial  membranes.  Modification 
of  standard  chromatography  protocols  for  purifi¬ 
cation  of  P450s  from  animal  cells  has  proven  very 
successful  [22,23].  In  addition,  because  of  the 
facile  nature  of  recombinant  DNA  technology,  it 
has  been  possible  to  produce  a  functional  human 
P450cl7  having  four  histidine  residues  at  the 
C-terminus.  These  histidines  serve  as  an  affinity 
tag  for  purification  of  the  P450  on  a  Ni+ 2 -affinity 
column.  Other  purification  protocols  will  surely 
be  developed  in  time,  but  the  key  point  is  that 
when  using  expression  in  E.  coli  it  is  certainly 
possible  to  generate  large  quantities  of  highly 
purified,  functional  P450  enzymes.  This  protein  is 
suitable  for  crystallization  attempts.  We  are  pres¬ 


ently  trying  to  produce  crystals  of  bovine  P450scc 
which  can  be  used  for  structure  determination. 
This  protein  has  previously  been  crystallized 
after  modification  by  5'-pyridoxal  phosphate,  but 
these  crystals  have  not  proved  useful  for  struc¬ 
ture  determination  [24].  At  this  writing  we  have 
invested  200  mg  of  highly  purified,  recombinant 
bovine  P450scc  from  E.  coli  in  crystallization 
efforts,  testing  different  precipitants,  detergents, 
and  effectors.  At  this  stage  we  have  no  crystals 
but  we  do  have  a  crystalline  precipitate.  Patience 
and  luck  will  be  necessary  for  elucidation  of 
tertiary  structure  of  eukaryotic  P450s.  However, 
the  development  of  high  level  E.  coli  expression 
systems  for  most  P450s  makes  such  attempts 
reasonable. 

Even  when  we  determine  the  high  resolution 
structure  of  P450scc,  we  will  still  not  fully  under¬ 
stand  how  the  enzyme  works.  As  has  been  shown 
so  elegantly  for  hemoglobin,  combination  of 
detailed  structural  information  with  functional 
data  obtained  from  mutant  proteins  can  lead  to  a 
very  detailed  understanding  of  how  a  protein 
functions.  One  of  the  other  assets  of  P450  ex¬ 
pression  in  E.  coli  is  the  facility  with  which 
mutagenesis  can  be  carried  out.  We  have  used 
this  approach  to  identify  the  adrenodoxin  bind¬ 
ing  site  on  P450scc  [22]  and  to  investigate  the 
active  site  [25],  both  by  site-directed  mutagen¬ 
esis.  However,  it  is  not  always  possible  to  identify 
exactly  which  amino  acid  should  be  modified  in 
order  to  localize  residues  associated  with  a 
specific  property  of  a  particular  P450.  We  have 
undertaken  application  of  the  novel  approach  of 
random  chimeragenesis  in  E.  coli  to  investigate 
P450  structure /function.  This  approach  can  be 
applied  to  expression  in  either  yeast  or  E.  coli. 
Briefly  stated,  two  cDNAs  are  placed  in  tandem 
in  an  expression  plasmid.  This  vector  is  linear¬ 
ized  with  restriction  endonucleases  and  the 
linearized  DNA  is  transformed  into  E.  coli. 
Recombination  occurs  between  the  two  cDNAs 
producing  functional  chimeric  proteins.  Pompon 
and  colleagues  have  utilized  this  approach  in 
yeast  to  study  the  closely  related  P4501A1/ 
P4501A2  system  [26].  We  have  taken  a  different 
approach,  rather  than  focusing  on  sequence 
relatedness,  by  focusing  on  enzymatic  activity. 
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As  seen  in  Fig.  1  we  have  generated  chimeras 
between  P450scc  and  P450c27.  Even  though 
these  two  enzymes  are  members  of  different 
P450  gene  families,  having  only  about  25% 
sequence  identity,  they  metabolize  the  same 
substrate,  cholesterol.  P450scc  hydroxylates  the 
cholesterol  side  chain  at  c20  and  c22  leading  to 
cleavage  by  a  third  02  dependent  step  to 
produce  pregnenolone.  P450c27  hydroxylates  the 
side  chain  at  c27.  Construction  of  chimeras 
between  these  two  enzymes  should  lead  to  locali¬ 
zation  of  regions  within  the  primary  sequence 
which  participate  in  side  chain  hydroxylation  at 
different  positions.  The  one  chimera  which  has 
been  examined  in  preliminary  studies,  has  an 
N-terminal  P450scc  sequence  and  at  amino  acid 
107  continues  on  as  P450c27.  Thus  it  contains 
substrate  recognition  sequence  1  of  P450scc  and 


the  remaining  5  substrate  recognition  sequences 
from  P450c27  [27],  The  enzyme  can  catalyze 
production  of  pregnenolone  from  cholesterol  at 
about  15%  the  level  of  wild  type  P450scc.  We 
have  not  yet  examined  its  27-hydroxylase  activi¬ 
ty.  However,  it  is  clear  from  these  preliminary 
data  that  random  chimeragenesis  can  be  applied 
to  study  sequence  requirements  for  specific  P450 
activities  and  will  lead  to  new  insights  into  P450 
structure  /  function  relationships. 

Thus  E.  coli  expression  has  proven  to  be  very 
useful  for  the  study  of  P450  structure /function. 
First,  it  permits  large  scale  production  of  P450s 
for  biophysical  studies.  Second,  it  is  a  very  facile 
system  for  both  site-directed  mutagenesis  and 
chimera  production.  E.  coli  is  particularly  im¬ 
portant  for  this  latter  point  because  purification 
of  mutant  or  chimeric  enzymes  is  easily  achieved. 


Nael  Sacl 


Fig.  1.  Schematic  of  the  protocol  for  generation  of  linearized  pTrc99A  containing  cDNAs  encoding  bovine  P450scc  and  human 
P450c27,  used  for  random  chimeragenesis.  Sites  where  crossovers  were  obtained  are  indicated  by  X. 
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Table  1 


Expression  of  bovine  P-450cl7  in  different  expression  sys¬ 
tems:  relative  levels  determined  by  immunoblot  analysis  from 
25  fj. g  membrane  protein 


Expression  system 

Relative  level  (%) 

Bovine  adrenal  microsomes 

100 

COS  microsomes 

25 

Yeast  microsomes 

80 

Sf9  (insect)  microsomes 

200 

E.  coli  membranes 

300 

Detailed  analysis  of  the  functional  properties  of 
such  modified  enzymes  is  best  carried  out  with 
purified  proteins. 


5.  Conclusions  and  future  directions 

The  development  of  E.  coli  expression  systems 
for  the  study  of  P450s  has  proven  to  be  an 
important  addition  to  this  research  area.  High 
level  expression  compared  to  other  widely  used 
expression  systems  (Table  1)  has  important  ad¬ 
vantages.  In  particular  this  system  is  useful  for 
providing  key  reagents  for  study  of  P450  struc¬ 
ture/function  relationships.  Second,  this  system 
has  potential  as  a  bioreactor  containing  specific 
P450  activities.  We  can  imagine  that  not  too  far 
into  the  future,  designer  P450s  which  catalyze 
activities  required  for  specific  enzymatic  tasks, 
will  be  available  in  E.  coli  bioreactors  on  a 
commercial  basis. 
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Abstract 

The  first  generation  of  yeast  expression  systems  relies  on  inducible  expression  cassettes  borne  by  multicopy 
plasmids  for  production  of  unmodified  human  P450s  and  on  the  endogenous  NADPH-P450  reductase  to  support 
activities.  A  second  generation  of  engineered  yeast  involved  targeted  genomic  modifications  allowing  overexpres¬ 
sion  of  the  yeast  reductase  and  coexpression  of  human  cytochrome  b5  and  of  a  phase  II  enzyme  such  as  epoxide 
hydrolase.  These  features  allow  improved  P450  turnover  numbers  and  simulation  of  some  phase  I-phase  II 
couplings.  In  the  third  generation,  the  human  reductase  was  substituted  for  the  yeast  reductase  by  genome 
engineering.  Simultaneously,  induction  procedures  were  optimized  to  reach  high  P450  specific  contents.  Dramatic 
improvements  (1000-fold)  of  yeast-expressed  P450  activities  have  thus  been  obtained.  To  get  more  insight  into 
complex  metabolic  events,  such  as  that  of  a  typical  pollutant:  benzo[a]pyrene,  an  approach  was  designed  which 
involves  a  complementary  use  of  yeast  expression  and  computer  simulations. 

Keywords:  Yeast  heterologous  expression;  Simulation;  Human  P450  and  epoxide  hydrolase 


1.  Introduction 

The  development  of  molecular  biology  tech¬ 
niques  has  led  to  an  exploding  increase  in  the 
number  of  known  human  P450  and  phase  II 
sequences.  Ascribing  a  precise  substrate  specifici¬ 
ty  to  newly  cloned  P450  sequences  became  a 
critical  task  making  the  availability  of  hetero¬ 
logous  expression  systems  crucial.  Oeda  et  al. 
reported  in  1985  the  first  expression  of  a  cDNA 
encoding  a  mammalian  microsomal  cytochrome 
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P450  in  Saccharomyces  cerevisiae  [1].  The  recom¬ 
binant  P450  1A1  was  found  properly  incorpo¬ 
rated  into  the  yeast  endoplasmic  reticulum  and 
the  activity  supported  by  coupling  with  the 
endogenous  yeast  NADPH-P450  reductase  (re¬ 
ductase).  Following  this  first  report,  expression  of 
a  large  number  of  P450-encoding  cDNAs  in  S. 
cerevisiae  was  reported  in  parallel  with  the  de¬ 
velopment  of  other  heterologous  expression  sys¬ 
tems  involving  alternative  hosts  such  as  E.  coli , 
insect  and  mammalian  cells  [2,3].  Among  the 
relative  advantages  of  each  system,  bacteria- 
based  expression  offers  frequently  a  high  yield 
but  requires  some  N-terminal  sequence  altera¬ 
tions  of  the  P450s  in  order  to  be  expressed.  This 
system  is  generally  not  self-sufficient  for  activity 
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analysis  since  reductase  and  cytochrome  b5  are 
absent  from  the  bacteria.  In  contrast,  expressions 
in  mammalian  cells  as  COS1,  V79  or  human  B 
lymphoblastoid  cell  lines  [3,4],  gave  rise  to  sys¬ 
tems  well  suited  for  direct  toxicological  or  meta¬ 
bolic  studies  [5,6],  but  frequently  at  a  low  P450 
yield  and  high  cost. 

The  first  developed  yeast  expression  systems 
featured  easy  and  low  cost  P450  expression,  but 
enzyme  content  and  specific  activity  remained 
rather  low.  The  reason  for  the  low  specific 
activity  was  the  low  level  of  endogenous  (yeast) 
reductase  present  in  wild  type  cells  and  in  some 
cases  the  poor  recognition  between  endogenous 
reductase  and  heterologous  P450  [7,8].  Surpris¬ 
ingly,  although  yeast  contains  significant  amounts 
(about  30-100%  of  the  expressed  P450  level)  of 
endogenous  cytochrome  b5,  it  is  unable  to  en¬ 
hance  human  P450  activities  as  does  the  rodent 
equivalent  [9].  In  addition  most  of  human  liver 
phase  II  activities  are  absent  from  yeast  cyto¬ 
plasm.  These  observations  led  us  to  alleviate 
these  difficulties  by  considerably  improving  the 
P450  yield  per  volume  of  culture  and  by  the 
development  of  genetically  engineered  strains 
that  can  provide  an  optimised  human  redox 
environment  for  P450  function  and  when  re¬ 
quired  some  phase  II  activities  [10,11]. 

2.  The  3  generations  of  yeast  expression 
systems 

2.1.  Optimising  the  P450  yield 

The  first  step  toward  optimisation  of  the  yeast 
expression  system  was  to  improve  as  much  as 
possible  the  P450  specific  contents.  The  pro¬ 
duction  in  S.  cerevisiae  of  heterologous  P450  is 
based  on  the  construction  of  expression  cassettes 
containing  the  coding  phase  of  the  considered 
P450  cDNA  sandwiched  between  yeast  transcrip¬ 
tion  promoter  and  terminator  sequences.  A  first 
optimisation  criterion  is  the  deletion  of  the 
cDNA  5'-non-coding  sequences  before  insertion 
of  the  open  reading  frame  (ORF)  in  the  yeast 
expression  vector.  Cloning  and  formatting  are 
performed  in  a  single  polymerase  chain  reaction 
amplification  step  using  total  cDNAs  as  template 
and  a  thermostable  polymerase  with  a  proof¬ 


reading  activity  feature.  A  second  optimisation 
was  to  systematically  use  an  inducible  promoter 
for  expression.  The  rationale  for  this  being  to 
separate  the  exponential  growth  phase  required 
to  constitute  the  biomass  from  the  expression 
phase,  for  which  a  nearly  stationary  biomass 
condition  allows  an  improved  accumulation  of 
heterologous  protein.  In  addition,  such  a  phase 
separation  avoids  the  presence  of  a  negative 
selection  against  high  plasmid  copy  numbers 
during  cell  division.  Induction  by  a  change  in  the 
carbon  source  from  glucose  to  galactose  is 
routinely  used  in  the  laboratory.  Nevertheless,  an 
intermediate  growth  phase  in  ethanol  is  required 
before  induction  to  facilitate  the  transition  to 
galactose  utilisation  under  high  density  condi¬ 
tions.  P450s  produced  in  S.  cerevisiae  cells  are 
now  obtained  in  high  yield  in  the  natural  folded 
state  without  any  N-terminal  sequence  alteration, 
as  is  required  for  bacterial  expression  [3].  De¬ 
pending  on  the  P450  isoform,  microsomal  P450 
contents  are  in  the  range  of  50-400  pmol  (aver¬ 
age  of  200  pmol)  of  spectrally  detectable  P450 
per  mg  protein.  Owing  to  the  high  culture  den¬ 
sities  that  can  be  reached  with  yeast,  production 
of  several  hundred  nmol  of  an  individual  P450 
per  1  culture  is  routinely  achieved.  This  level  is 
more  than  sufficient  to  use  microsomal  fractions 
as  such  for  spectral  analysis  such  as  substrate/ 
inhibitor  binding  analysis,  without  the  need  for 
purification  since  no  endogenous  P450  is  spec¬ 
trally  interfering. 

2.2.  First  optimisation  of  P450  specific  activities 
Yeast  cells  exhibit  a  moderate  level  of  endog¬ 
enous  P450  reductase  activity  (about  100  nmol 
cytochrome  c  reduced  per  min  and  per  mg 
microsomal  protein).  Therefore,  the  basic  yeast 
system  is  partially  self-sufficient.  Nevertheless, 
the  observed  P450  turnover  numbers  are  often 
much  lower  than  those  determined  in  vitro  after 
purification  and  reconstitution  with  an  excess  of 
mammalian  P450  reductase.  Simple  experiments 
clearly  demonstrated  that  the  reductase  level  is 
the  limiting  factor  [7],  while  the  molar  ratio  of 
reductase  to  P450  is  in  the  range  of  0.05-0.5,  a 
value  which  compares  well  with  ratios  observed 
in  human  liver  microsomes.  This  indicates  that 
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not  only  the  limited  amounts  of  endogenous 
reductase,  but  also  the  heterologous  nature  of 
interactions  with  P450,  could  be  the  cause  of 
observed  limitations.  Two  solutions  were  thus 
considered:  one  is  to  strongly  increase  the  level 
of  endogenous  reductase  in  order  to  compensate 
its  lower  efficiency;  the  second  is  to  substitute  the 
yeast  reductase  by  the  human  enzyme.  The  first 
solution  involved  a  genetic  engineering  of  the 
yeast  reductase  locus  leading  to  the  W(R)  strain 
series,  which  was  widely  analysed  and  reviewed 
in  previous  papers  [9-11].  The  strong  yeast 
reductase  overexpression  achieved  (about  25-fold 
the  wild  type  level)  was  found  useful  to  widely 
improve  (5-70-fold)  most  of  P450  activities  ex¬ 
pressed  in  yeast. 

A  second  important  point  is  the  role  of  cyto¬ 
chrome  bs.  This  cytochrome  is  an  alternate 
electron  carrier  for  the  second  electron  transfer 
involved  in  the  catalytic  cycle.  The  cytochrome 
b5 -dependent  improvement  in  P450  activity  is 
strongly  related  to  the  P450  isoenzyme  consid¬ 
ered,  on  the  type  of  substrate  oxidised,  and,  most 
importantly,  on  the  concentration  and  nature  of 
the  P450  reductase  present.  Thus,  in  specific 
situations  the  highest  P450  activity  can  be 
achieved  either  by  high  levels  of  yeast  reductase 
only  or  by  suitable  association  of  lower  reductase 
levels  and  cytochrome  b5.  This  led  us  to  build  a 
series  of  genetically  engineered  yeast  strains 
(Fig.  1)  associating  variable  expression  levels  of 
yeast  reductase  and  human  cytochrome  b5  with  a 
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Fig.  1.  The  3  generations  of  yeast  expression  systems.  Disk 
size  is  indicative  of  the  relative  expression  levels.  See  text  and 
references  for  the  corresponding  strain  constructions. 


plasmid-borne  P450  expression  cassette  (see  [10] 
for  review). 

2.3.  Shifting  from  yeast  P450  reductase  to  the 
human  enzyme 

The  described  systems  are  rather  satisfying 
when  the  aim  is  to  analyse  qualitatively  human 
P450  activities.  Nevertheless,  the  strong  depen¬ 
dency  of  P450  activities  toward  their  redox 
environment  and  the  observation  that  changes  do 
not  necessarily  modify  all  activities  in  the  same 
way  raised  the  question  of  the  fidelity  of  the 
quantitative  simulation  of  human  liver  metabo¬ 
lism  by  the  heterologous  system.  From  this  point 
of  view  the  best  system  is  not  necessarily  the 
more  active.  For  example,  the  very  high  level  of 
reductase  in  a  yeast  strain  like  W(R)  is  of  clear 
importance  to  enhance  human  P450  lAl-depen- 
dent  metabolite  formation,  but  can  lead  to  an 
overestimation  of  the  contribution  of  this  P450  in 
vivo,  where  much  lower  reductase  levels  are 
found  (similar  contents  of  human  and  yeast 
reductases  are  found  to  be  of  similar  efficiency). 
In  contrast,  human  P450  3A4  requires  high  levels 
of  yeast  reductase  to  compensate  the  rather  poor 
efficiency  of  its  coupling  with  the  yeast  enzyme  in 
comparison  to  the  human  one.  These  findings  led 
us  to  consider  an  alternate  strategy  where  the 
highest  P450  specific  activity  is  not  the  goal,  but 
activities  as  identical  as  possible  to  those  in 
human  tissues.  This  implies  efficient  substitution 
of  the  yeast  reductase  by  the  human  enzyme  and 
adjustment  of  its  level,  as  well  as  that  of  cyto¬ 
chrome  b5,  to  fit  as  closely  as  possible  conditions 
found  in  human  liver.  Overexpression  of  the 
mammalian  reductase  in  yeast  appeared  more 
difficult  than  overproduction  of  the  yeast  equiva¬ 
lent.  A  possible  cause  is  the  strong  secondary 
structure  present  within  the  5 -end  of  the  human 
reductase  ORF.  This  difficulty  can  be  compen¬ 
sated  by  the  high  copy  number  of  plasmid-based 
expression  systems  as  reported  by  Eugster  et  al. 
[12].  Nevertheless,  in  our  laboratory,  we  prefer 
to  pursue  the  more  versatile  strategy  involving 
genomic  integration  similar  to  the  one  involved 
in  the  construction  of  the  W(R)  strain. 

A  difficulty,  raised  by  the  single  copy  expres¬ 
sion  requirement  (a  consequence  of  genome 
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integration),  was  to  find  another  way  to  compen¬ 
sate  for  the  low  expression  level  of  the  human 
reductase.  This  was  achieved  specifically  by  re- 
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Fig.  2.  (A):  Human  P450  3A4  and  NADPH-P450  reductase 
activities  in  the  various  generations  of  engineered  yeast 
strains  (see  references  for  detail).  P450  activities  are  given  as 
turnover  numbers  (nmol  metabolite  formed  by  nmol  P450 
per  min)  when  reductase  activity  is  expressed  as  nmol 
cytochrome  c  reduced  per  min  and  per  mg  microsomal 
protein.  (B):  Progress  in  the  P450  3A4  metabolic  activity 
expressed  per  mg  yeast  microsomal  proteins.  Years  indicated 
correspond  to  the  date  of  first  observation  of  the  corre¬ 
sponding  activity  value.  These  data,  being  expressed  as 
specific  activity  (per  mg  protein),  include  both  progresses  in 
the  increase  of  turnover  numbers  and  in  the  P450  specific 
contents.  (1)  W(N),  wild  type;  (2)  W(B,N),  express  human  b5 ; 
(4,5)  W(R)  and  W(R,N),  overexpress  yeast  reductase;  (3) 
W(B,R),  overexpress  yeast  reductase  and  human  b (6,7) 
W(hR),  express  human  reductase;  (5,7)  W(xx)b,  purified 
added.  All  strains  were  transformed  by  pH3A4-V60. 


moving  by  site-directed  mutagenesis  the  secon¬ 
dary  structure  originally  present  on  the  human 
reductase  cDNA  without  changing  the  amino 
acid  sequence  [13].  This  procedure  resulted  in 
the  W(hR)  strain  which  exhibits  a  gene  structure 
at  the  YRED  locus  (locus  YHR042w  on  chromo¬ 
some  VIII  encoding  yeast  microsomal  reductase) 
very  similar  to  that  of  W(R)  except  for  the 
production  of  the  human  reductase.  Based  on  the 
NADPH-cytochrome  c  oxidoreduction  assay,  the 
specific  P450  reductase  activity  in  W(hR)  micro- 
somes  was  found  to  be  rather  low  (20-fold)  in 
comparison  to  the  level  in  W(R)  [13].  However, 
upon  transformation  by  an  expression  vector  for 
human  P450  3A4,  a  surprisingly  high  P450 
specific  activity  was  observed  provided  that  a 
suitable  buffer  was  used  and  that  human  cyto¬ 
chrome  b5  was  added  (Fig.  2).  Interestingly,  the 
ionic  strength  dependency  of  the  3A4  activity 
was  found  optimal  for  a  physiologic  buffer  (Fig. 
3).  In  such  conditions,  low  amounts  of  human 
reductase  support  more  efficiently  P450  3A4 
activities  than  high  amounts  of  the  yeast  reduc¬ 
tase.  A  detailed  analysis  of  this  observation  is 
currently  in  progress  to  understand  by  which 
mechanisms  reductases  originating  from  different 
species  can  have  such  strong  differential  recogni¬ 
tion  for  various  human  P450s. 

3.  Simulation  of  human  multistep  drug 
metabolism 

The  preceding  results  illustrate  that  the  yeast 
system  is  particularly  well  suited  to  the  quali¬ 
tative  and  quantitative  simulation  of  a  single  step 
P450-dependent  metabolism.  In  fact,  the  strategy 
of  genomic  integration  used  previously  can  be 
easily  extended  to  the  coexpression  of  some 
phase  II  enzymes,  such  as  epoxide  hydrolase, 
making  possible  the  simulation  in  a  single  yeast 
cell  of  a  multistep  metabolism  involving  the 
sequential  combination  of  phase  I  and  phase  II 
reactions.  This  strategy  was  particularly  illus¬ 
trated  in  our  laboratory  in  the  case  of  the 
multistep  metabolic  activation  of  the  environ¬ 
mental  pollutant:  benzo[n]pyrene  [14].  When 
microsomes  prepared  from  W(R)  cells  transform¬ 
ed  by  an  expression  vector  for  human  P450  1A1 
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Fig.  3.  (A):  Dependence  of  the  human  3A4  activity  on  the 
nature  of  the  reductase  coexpressed  (human  or  yeast)  and  on 
the  incubation  buffer  ionic  strength.  Strains  were  respectively 
(W(hR)b  pH3A4-V60)  and  (w(R)b  pH3A4-V60).  The  point 
at  300  mM  corresponds  to  the  following  composition:  phos¬ 
phate,  50  mM;  carbonate,  12  mM;  chloride,  30  mM;  potas¬ 
sium,  132  mM;  sodium,  12  mM;  pH  7.3.  Incubation  tempera¬ 
ture  is  37°C  and  turnover  number  is  calculated  based  on  the 
carbon  monoxide  difference  spectra  of  P450  in  the  yeast 
microsomes.  Specific  contents  in  the  used  microsomes  were: 
P450  3A4  (600  pmol/mg),  human  reductase  (100  pmol/mg), 
yeast  reductase  (1000  pmol/mg).  (B):  Effect  of  human 
cytochrome  b5  saturation  on  P450  3A4  activity  in  yeast 
microsomes.  Activity  values  are  given  as  per  cent  of  the 
saturation  value. 


were  incubated  with  benzo[a]pyrene,  formation 
of  3-hydroxy-,  9-hydroxy-  and  quinone  deriva¬ 
tives  was  easily  detected.  Nevertheless,  no  forma¬ 
tion  of  7,8-,  4,5-  or  9,10-dihydrodiols  was  ob¬ 
served  due  to  the  lack  of  endogenous  epoxide 


hydrolase  activity.  The  integration  of  the  expres¬ 
sion  cassette  coding  for  microsomal  epoxide 
hydrolase  was  performed  at  the  YRED  locus, 
leading  to  W(E)  strain,  in  a  way  fully  similar  to 
that  utilised  for  integration  of  the  human  cyto¬ 
chrome  b5  coding  sequence.  After  mating  W(E) 
with  W(R),  the  resulting  W(E,R)  diploid  strain 
expressed  human  epoxide  hydrolase  and  over¬ 
expressed  yeast  P450  reductase.  After  trans¬ 
formation  by  an  expression  plasmid  for  human 
P450  1A1,  incubation  of  microsomes  with  ben- 
z°[tf]pyrene  led  to  the  efficient  formation  of  the 
expected  diol  product  (resulting  from  a  phase 
I-phase  II  coupling)  and  of  the  ultimate  mutagen 
7, 8-dihydrodiol-9, 10-oxide,  as  judged  by  the  pres¬ 
ence  of  its  tetraol  decomposition  products  and 
the  formation  of  DNA  adducts  (Gautier  et  al., 
unpublished  results).  This  demonstrates  that  the 
yeast  expression  system  is  not  only  a  useful  tool 
for  the  prediction  of  simple  metabolism,  but  also 
is  an  efficient  way  to  reproduce  and  analyse 
complex  multistep  metabolism  leading  to  drug  or 
pollutant  toxic  activation. 

3.1.  From  yeast  simulation  to  computer 
simulation  of  drug  metabolism 

The  liver  metabolism  of  a  given  drug  may 
comprise  a  large  number  of  different  enzymes 
(particularly  when  several  different  P450  and 
phase  II  reactions  are  involved).  Although  the 
coexpression  of  a  large  number  of  heterologous 
enzymes  in  a  single  yeast  is  theoretically  feasible 
using  systematic  genomic  integration,  such  a 
solution  would  be  generally  of  limited  practical 
interest  because  of  the  large  amount  of  work 
needed  to  integrate  more  than  3-4  heterologous 
activities  together  in  a  single  cell.  Only  a  limited 
number  of  standard  activity  combinations  can  be 
reasonably  considered  (for  example  one  P450, 
cytochrome  b5,  the  reductase  and  one  phase  II 
activity).  In  addition,  adjustment  of  the  relative 
expression  levels  to  fit  the  natural  situation 
becomes  rapidly  technically  demanding  when  a 
large  number  of  components  is  considered.  This 
last  point  is  of  importance  when  the  aim  is  to 
take  into  account  interindividual  polymorphisms 
of  expression  of  xenobiotic  metabolism  enzymes. 
To  solve  this  problem  we  thus  developed  an 
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approach  which  associates  yeast  expression  of  a 
limited  set  of  enzymes  with  numeric  simulation 
to  extrapolate  metabolic  predictions  at  different 
initial  conditions.  A  first  objective  is  to  decom¬ 
pose  complex  enzymatic  reactions,  difficult  to 
reconstruct  to  their  full  extent  with  the  yeast 
system,  into  several  sets  of  activities  (coupled  or 
individual)  more  simple  to  express.  The  second 
objective  is  to  simulate  the  metabolic  behaviour 
in  human  tissues,  where  relative  isoenzyme  con¬ 
centrations  and  metabolite  fluxes  could  be  very 
different  from  those  present  in  vitro  in  model 
systems. 

The  approach  we  have  evaluated  is  illustrated 
by  Fig.  4  in  the  case  of  benzo[a]pyrene  metabo¬ 
lism  and  comprises  the  following  steps:  (i)  when 
only  stable  metabolite  intermediates  are  formed 
by  independent  enzymatic  reactions,  the  major 


kinetic  parameters  (specific  activity,  half-satura¬ 
tion  concentrations,  half-inhibitory  concentra¬ 
tions)  are  first  determined  using  the  yeast  system 
to  express  separately  the  individual  enzymes. 
The  intermediate  metabolites  that  cannot  be 
easily  obtained  by  chemical  synthesis  are  pre¬ 
pared  by  large-scale  bioconversion  using  the 
yeast  system.  Compounds  thus  prepared  are 
purified  by  preparative  HPLC  and  are  used  as 
substrate  to  quantify  the  subsequent  enzymic 
steps;  (ii)  when  unstable  or  reactive  inter¬ 
mediates  are  involved  (as  illustrated  in  Fig.  4), 
coexpression  of  the  enzyme  forming  the  unstable 
intermediate  and  of  a  conjugating  enzyme  is 
performed.  Only  quantitation  of  stable  metabo¬ 
lites  is  generally  required.  Kinetic  parameters  for 
unstable  intermediates  including  non-enzymatic 
decomposition  (for  example  conversion  of  oxides 


Adjusting  parameters  using  yeast  model 


Putting  all  together 


One  part  of  the  metabolism  scheme 


Fig.  4.  Overall  strategy  for  the  association  of  yeast  and  computer  simulations  for  metabolic  prediction.  The  kinetic  scheme 
illustrates  part  of  the  benzo[tf]pyrene  metabolism. 
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to  phenols)  or  adduct  formations  are  deduced 
from  the  simulation  of  the  experimental  forma¬ 
tion  of  stable  metabolites  as  a  function  of  the 
concentrations  of  generating  and  conjugating 
enzymes  (type  (ii)  experiments).  We  have  ex¬ 
perienced  that  models  involving  up  to  30  differ¬ 
ent  species  (chemicals  or  enzyme  complexes)  are 
perfectly  workable  with  such  an  approach.  Final¬ 
ly,  a  complete  metabolism  model  is  built  by 
putting  together  all  enzymes  (with  their  respec¬ 
tive  individual  kinetic  parameters)  in  the  numeri¬ 
cal  model.  Such  simulations  allow  a  calculation 
of  metabolite  patterns  (including  adduct  forma¬ 
tion)  associated  with  any  combination  of  enzyme 
concentrations  and  drug  inputs.  Consequences  of 
interindividual  polymorphisms  can  also  be  simu¬ 
lated.  This  approach  was  validated  using  the 
complete  yeast  system  as  a  reference  in  the 
benzo[a]pyrene  metabolism  model,  giving  very 
consistent  results  between  experimental  and  nu¬ 
merical  simulations  under  a  large  variety  of 
conditions.  Results  are  also  consistent  with  ob¬ 
served  metabolic  patterns  in  humans. 


4.  Conclusions 

Yeast  expression  of  xenobiotic  acting  activities 
is  efficiently  achieved  using  a  strategy  involving 
P450  expression  from  a  plasmid-borne  cassette 
and  enzyme  environment  tailoring  by  multiple 
genomic  integration.  Depending  on  the  aim 
(metabolite  production  or  quantitative  simula¬ 
tion  of  human  behaviour)  different  redox  en¬ 
vironments  may  be  optimal,  leading  to  a  series  of 
engineered  yeast  strains  adapted  for  each  par¬ 
ticular  usage.  Both  high  yield  and  high  specific 
activities  can  be  achieved  making  the  yeast 
system  extremely  versatile.  The  system  neverthe¬ 
less  has  its  limits  when  very  complex  metabolic 
pathways  involving  numerous  combinations  of 
phase  I  and  phase  II  enzymes  have  to  be  re¬ 
produced.  In  such  a  case,  the  association  of 
numerical  simulation,  with  establishment  of  in¬ 
dividual  kinetic  parameters  from  the  yeast-ex- 
pressed  system,  represents  a  real  improvement 
allowing  to  take  into  account  interindividual 
metabolic  polymorphisms. 
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Abstract 

In  general,  cells  genetically  engineered  for  stable  and  defined  expression  of  xenobiotic-metabolizing  enzymes  are 
useful  tools  whenever  a  metabolism-related  problem  in  toxicology  and  pharmacology  is  to  be  solved.  It  is  the 
genetic  and  phenotypic  nature  of  a  given  cell  that  determines  its  applicability.  Mammalian  cells  have  useful 
characteristics  not  given  in  bacterial,  yeast  or  insect  cells,  which  also  may  express  xenobiotic-metabolizing  enzymes. 
It  is  the  problem  to  be  solved  and  the  question  to  be  answered  which  determine  the  optimal  choice  for  the 
best-suited  expression  system.  There  may  even  be  subtle  differences  between  mammalian  cells  of  different  species 
and  organ  origin,  which  might  play  a  role  in  choosing  a  mammalian  expression  system.  Thus,  the  level  and 
specificity  of  the  xenobiotic-metabolizing  enzyme,  the  experimental  testing  conditions,  and  the  biological  endpoints 
present  in  a  chosen  cell  are  the  most  important  criteria  to  be  observed  in  the  application  of  the  mammalian 
expression  systems. 

Keywords :  Biotransformation;  Xenobiotics;  Cytochrome  P450;  Heterologous  expression 


1.  Introduction 

In  most  cases,  cytochromes  P450  (CYP)  are 
the  key  enzymes  for  the  metabolism  of  xeno¬ 
biotics,  e.g.  drugs  and  pollutants.  Therefore, 
metabolism  is  of  major  concern  for  drug  efficacy, 
drug  safety,  and  the  toxicological  potential  of 
pollutants  and  food  contaminants.  It  is  of  fun¬ 
damental  interest  to  follow  and  to  understand 
the  metabolic  fate  of  xenobiotics  in  detail.  This 
implies  the  generation  of  metabolite  profiles,  the 
identification  of  the  metabolically  competent 
CYP  isoform,  and  an  assessment  of  the  impact 
on  biological  endpoints  related  to  metabolites. 


*  Corresponding  author. 


Animal  studies  and  clinical  trials  have  intrinsic 
limitations  for  studying  these  aspects  in  detail  for 
several  reasons.  Detailed  studies  are  hampered 
by  the  complexity  caused  by  ever-changing  fac¬ 
tors  and  conditions  in  the  individual  organism 
and  interindividual  differences  on  CYP  levels. 
Furthermore,  there  are  species-specific  differ¬ 
ences  in  CYP  in  terms  of  substrate  specificity  and 
activity,  tissue-specific  expression,  and  regulation 
of  gene  expression.  Those  differences  may  not 
allow  a  direct  extrapolation  from  animals  to 
humans.  Furthermore,  access  to  animals  and 
humans  is  restricted  for  political  and  ethical 
reasons.  These  are  some  of  the  reasons  that 
make  it  worthwhile  to  apply  technology  for  the 
development  of  in  vitro  systems  for  studying 
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metabolism  and  metabolism-related  problems. 
Cloning  and  expressing  xenobiotic-metabolizing 
enzymes  certainly  is  a  rational  and  straight  ap¬ 
proach  in  the  design  of  a  metabolically  compe¬ 
tent  and  useful  cell.  These  gene  technological 
approaches  for  heterologous  expression  of  xeno¬ 
biotic-metabolizing  enzymes  are  basically  all  the 
same.  However,  they  differ  in  2  important  as¬ 
pects:  (i)  the  kind  and  construction  of  recombi¬ 
nant  vectors  and  (ii)  the  chosen  host  cell  for 
expression.  Both  aspects  determine  the  range  of 
application  in  toxicology  and  pharmacology. 

Presently,  heterologous  expression  of  xeno¬ 
biotic-metabolizing  enzymes  has  been  achieved 
in  bacterial  cells,  e.g.  E.  coli  and  Salmonella 
strains,  yeast,  insect,  and  mammalian  cells.  Each 
of  these  expression  systems  has  their  advantages 
and  limitations,  depending  on  the  experimental 
problem  to  be  solved.  Therefore,  no  such  thing 
as  the  ‘best’  or  ‘ultimate’  culture  system  will  ever 
exist. 

Although  the  expression  levels  achieved  in 
mammalian  cells  are  usually  lower  than  in  bac¬ 
terial  and  yeast  cells,  there  are  several  important 
reasons  for  engineering  mammalian  cells.  These 
reasons  are  given  by  characteristic  biological 
endpoints  not  present  or  different  in  yeast  or 
bacterial  cells,  e.g.  DNA  repair,  mutagenicity, 
chromosomal  aberration,  micronuclei  formation, 
apoptosis,  cytotoxicity,  and  many  more.  As  mam¬ 
malian  cells  differ  in  their  phenotypes,  they  will 
perform  differently  for  different  biological  end¬ 
points.  Therefore,  it  makes  sense  to  have  the 
same  enzymes  expressed  in  a  variety  of  cell  types 
of  different  tissue  and  species  origin.  The  user 
has  to  make  an  educated  choice  for  the  one 
expression  system  that  serves  him  and  his  prob¬ 
lem  best. 

This  laboratory  has  given  preference  to  ge¬ 
netically  engineering  V79  Chinese  hamster  cells. 
V79  cells  have  a  longstanding  tradition  in  toxi¬ 
cological  studies  because  they  grow  extremely 
fast  with  a  doubling  time  of  less  than  12  h,  and 
are  very  sturdy  and  reliable  in  their  growth  and 
genetic  characteristics.  However,  metabolic 
capacity  is  usually  low  and  restricted  to  a  few 
conjugating  enzymes.  CYP  have  never  been 
detected  in  these  cells.  Thus,  genetically  en¬ 


gineered  V79  cells  are  defined  for  the  cDNA- 
encoded  CYP,  and  allow  CYP-specific  investiga¬ 
tions  without  the  need  for  a  tedious  enzyme 
purification  in  most  cases. 

2.  Materials  and  methods 

2.1.  Construction  of  C Y P-exp ressing  V79  cell 
lines 

The  cDNAs  for  rat  CYPs  1A1,  1A2,  and  2B1 
were  cloned  from  cDNA  libraries  as  full  length 
cDNAs  or  as  fragments  and  reconstructed  for 
full  length  [1-3].  The  cDNAs  for  human  CYPs 
1A1,  1A2,  2A6,  and  2E1  were  generously  pro¬ 
vided  by  Dr.  F.  Gonzalez,  Bethesda,  MA, 
CYP3A4  as  expression  vector  LNC3A4  by  Dr.  J. 
Horbach,  Utrecht,  The  Netherlands,  orginally 
from  Dr.  Ph.  Beaune,  Paris,  France.  The  very 
first  applied  SV40  Early  promoter  containing 
plasmid  for  CYP2B1  continues  to  serve  as  an 
expression  vector  by  substitution  of  CYP2B1 
cDNA  for  other  cDNA,  e.g.  human  CYP3A4 
(Fig.  1A).  For  comparison,  the  same  cDNA  was 
also  expressed  in  a  vector  containing  the  CMV 
promotor  (Fig.  IB).  V79  cells  serve  as  host  cells 
for  all  CYP  recombinant  expression  vectors. 
These  are  attached  growing  cells.  There  are  2 
variant  V79  cell  lines,  which  differ  by  expression 
of  endogenous  A-acetyltransferase.  The  variant 
cell  line  V79MZ  does  not  express  A-acetyltrans- 
ferase  and  was  obtained  from  Dr.  C.F.  Arlett, 
Sussex,  UK  and  subcloned  [4].  The  variant  cell 
line  V79NH  does  express  TV-acetyltransferase  and 
was  received  as  subclone  V79  379A  from  Flow 
Laboratories,  Meckenheim,  Germany.  A  nomen¬ 
clature  for  the  CYP-engineered  V79  cell  lines 
was  chosen  in  agreement  with  the  recommended 
CYP  nomenclature  [5,6].  The  V79MZ  cell  line- 
based  constructs  are  named  for  the  species,  e.g.  h 
for  human,  and  r  for  rat,  and  for  the  CYP 
isoform.  Therefore,  V79MZr2Bl  denominates 
the  cell  line  expressing  rat  CYP2B1,  and 
V79MZhl  Al  the  cell  line  for  human  1A1. 

2.2.  Characterization  of  CYP-expressing  V79 
cells 

Cells  were  selected  for  stable  integration  and 
expression  of  CYP  cDNAs,  which  is  shown  by 
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Fig.  1.  Recombinant  expression  vectors  for  human  CYP3A4 
for  stable  expression  in  V79  cells,  containing  the  SV40  Early 
promotor  (A)  or  the  CMV  promotor  (B). 


Southern,  Northern,  and  Western  analysis.  En¬ 
zyme  activities  are  determined  by  standard  pro¬ 
cedures  using  benzo[a]pyrene,  several  resorufins, 
and  coumarin  as  substrates.  Characterization  for 
each  of  the  engineered  cell  lines  has  been  de¬ 


scribed  in  detail  [1-3, 6, 7]  (Schneider  et  al.,  pers. 
commun.).  CYP-expressing  V79  cells  are  also 
identified  by  in  situ  immunofluorescence  using 
CYP-specific  antibodies  [8], 


3.  Results 

3.1.  Integration  and  expression  of  CYP  cDNA 
in  V79  cells 

Most  engineered  V79  cell  lines  contain  1 
integrated  copy  of  the  CYP  cDNA  in  their 
chromosomal  DNA,  as  is  the  case  for  V79  cell 
line  expressing  human  CYP3A4.  This  is  shown 
by  restricting  the  genomic  DNA  with  Bglll, 
which  has  no  recognition  site  in  the  CYP3A4 
construct.  The  inserted  cDNA  may  be  further 
characterized  with  additional  restriction  en¬ 
zymes,  which  have  recognition  sites  within  the 
construct  for  further  analysis  of  the  integrity  of 
the  integrated  cDNA  expression  cassette,  as 
shown  for  restriction  with  Hindlll. 

Efficient  expression  of  the  CYP  cDNA  in  V79 
cells  was  shown  by  Western  analysis,  e.g.  human 
CYP3A4  (Fig.  2).  In  all  Western  analyses  per¬ 
formed  so  far,  no  endogenous  CYP  expression 
was  ever  detected  in  the  parental  V79  cells. 


kDa 

97  - 

69  - 

46  _ 


30  - 


14  - 

Fig.  2.  Western  analysis  of  cell  lines  V79MZh3A4  in  com¬ 
parison  to  authentic  human  CYP3A4  and  V79  parental  cell. 
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3.2.  CYP  content  and  activity  levels  in  V79  cells 
For  comparison  of  results  from  different  ex¬ 
pression  systems  it  is  necessary  to  know  the  CYP 
content  in  terms  of  mol  per  mg  total  protein, 
which  is  measured  by  a  CO  difference  spectrum. 
However,  considerable  amounts  of  CYP  are 
needed  in  a  sample  for  this  kind  of  measurement. 
This  is  a  major  obstacle  for  mammalian  expres¬ 
sion  systems  with  relatively  low  expression  levels. 
It  was  only  recently  possible  to  perform  this 
measurement  for  V79  cells  by  growing  10 10  cells. 
The  V79MZhlAl  cells  were  analyzed  by  the  CO 
difference  spectrum  and  were  found  to  contain 
between  5  and  15  pmol  human  CYP1A1  per  mg 
microsomal  protein,  depending  on  the  processing 
procedure  (Vermeulen  et  al.,  in  preparation). 
From  comparative  Western  analyses  it  is  esti¬ 
mated  that  the  CYP  content  is  in  the  range  of 
10-50  pmol  per  mg  total  cellular  protein  [3].  The 


range  of  enyzme  activities  in  V79  cells  were 
found  to  be  between  5  and  well  over  100  pmol/ 
min/mg  total  protein,  assessed  with  substrates 
thought  to  be  more  or  less  CYP  isoform  specific, 
such  as  ethoxyresorufin,  benzo[<?]pyrene, 
coumarin,  and  chlorzoxazone. 

3.3.  Application  of  CYP-expressing  V79  cells 
CYP-expressing  V79  cells  were  applied  in 
several  toxicological  and  pharmacological 
studies,  when  CYP-dependent  metabolic  activa¬ 
tion  was  important.  This  was  the  case  for  muta¬ 
genicity  studies  on  several  polycyclic  aromatic 
hydrocarbons  [9],  and  on  cytotoxicity  and  mi¬ 
cronuclei  formation  studies,  e.g.  on  aflatoxin  B, 
(Fig.  3).  CYP-dependent  metabolite  profiles 
were  generated,  e.g.  for  caffeine  [9]  and  for 
polycyclic  aromatic  hydrocarbons  [10]. 

4.  Conclusion 


A 


concentration  of  Aflatoxin 


V79(pSV)3A4 

V79(LNC)3A4 

V79MZ 


B 


V79(pSV)3A4 

V79(LNC)3A4 


Fig.  3.  Aflatoxin  Bj -induced  toxicity  in  V79MZh3A4  cells  in 
comparison  to  parental  V79MZ  cells  for  micronulcei  forma¬ 
tion  (A)  and  cytotoxicity  (B). 


By  now,  almost  9  years  have  passed  since  the 
beginning  of  our  CYP  expression  project  at  the 
end  of  1986.  In  the  meantime,  several  CYP 
expression  systems  have  been  established,  and  a 
lot  of  experience  has  been  gained  on  the  per¬ 
formance  of  these  systems.  Our  results  on  the 
genetically  engineered  V79  cells  justify  the  initial 
approach  by  applying  the  SV40  expression  vector 
and  the  V79  cells  as  the  host  cells  for  the  CYP 
cDNAs.  Expression  of  CYPs  appears  to  be  stable 
in  V79  cells  and  sufficient  for  many  metabolism- 
related  studies.  The  cell  biological  characteristics 
of  the  engineered  V79  ceils  are  basically  the 
same  as  for  the  V79  parental  cells,  i.e.  fast 
growth,  suitable  biological  endpoints,  and  no 
endogenous  CYP  activity.  Therefore,  it  is  worth¬ 
while  to  expand  the  V79  cell  battery  at  least  for 
the  most  important  CYPs,  referred  to  as  the  ‘big 
eleven’  responsible  for  metabolic  activation  of 
more  than  99%  of  all  xenobiotics. 

At  the  same  time,  others  have  achieved  the 
expression  of  CYPs  in  bacterial,  yeast,  insect  and 
additional  mammalian  cells.  Each  of  these  sys¬ 
tems  stand  on  their  own  rights,  as  they  all  differ 
in  fundamental  biological  features  in  general  and 
in  CYP  expression  levels  in  particular.  It  is  the 
scientific  question  or  problem  to  be  solved  that 
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should  dictate  the  most  appropiate  choice  among 
all  of  the  expression  systems. 

No  matter  which  of  the  heterologous  expres¬ 
sion  systems  is  given  preference  to,  they  all  have 
in  common  that  CYPs  are  expressed,  which 
would  be  difficult  to  obtain  in  large  quantities 
from  native  tissues.  Secondly,  genetically  en¬ 
gineered  systems  are  defined  for  CYPs  and  may 
be  experimentally  applied  under  standardized 
conditions.  Therefore,  genetically  engineered 
CYP  expression  systems  should  be  considered  to 
be  valuable  analytical  tools  in  order  to  dissect  the 
complexity  of  the  in  vivo  situation.  In  this  con¬ 
text  there  is  a  clear  need  for  genetically  en¬ 
gineered  expression  systems.  It  is  difficult  to 
envision  that  primary  human  hepatocytes  will  be 
as  suitable  models  as  the  CYP  expression  sys¬ 
tems,  no  matter  how  much  the  culturing  con¬ 
ditions  of  the  human  hepatocyte  systems  are 
optimized. 
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Abstract 

Rat  and  human  sulfotransferases  (STs)  were  expressed  in  his  S.  typhimurium  strains.  These  new  bacterial 
strains  detected  various  mutagens  which  are  difficult  to  recognize  in  traditional  test  systems,  including  benzylic 
alcohols  derived  from  polycyclic  aromatic  hydrocarbons,  hycanthone  and  l'-hydroxysafrole.  STs  were  also  stably 
expressed  in  V79  Chinese  hamster  cells,  which  do  not  express  endogenous  ST  and  are  suitable  for  the  detection  of 
genotoxic  effects.  Positive  responses  in  these  test  systems  were  observed  with  various  benzylic  alcohols,  including 
benzo[a]pyrene-7,8,9,10-tetrols.  We  demonstrate  that  a  few  reactive  sulfuric  acid  conjugates  are  efficiently  detected 
as  genotoxicants  only  when  generated  directly  within  the  indicator  cell. 

Keywords:  Benzylic  alcohols;  Heterologous  expression;  Hycanthone;  Safrole;  Salmonella  typhimurium ;  Sulfotrans- 
ferase;  V79  cells 


1.  Introduction 

Sulfation  by  sulfotransferases  (STs)  (EC  2.8.2) 
is  a  common  terminal  step  in  the  metabolism  of 
xenobiotics.  The  typical  and  desired  products  are 
hydrophilic,  charged  conjugates  which  are  readily 
excreted  in  the  urine  or  bile.  However,  sulfation 
of  some  substrates,  such  as  benzylic  and  allylic 
alcohols  or  aromatic  hydroxylamines  and  hydro- 
xamic  acids,  leads  to  the  generation  of  elec- 
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trophilic  products,  which  may  covalently  bind  to 
tissue  macromolecules  and  induce  mutations  and 
tumors  [1].  Compared  to  cytochrome  P450-me- 
diated  activation  of  chemical  carcinogens,  the 
sulfation  pathway  has  received  little  attention. 
This  is  especially  true  for  studies  using  in  vitro 
systems  to  assess  bioactivation.  One  of  the  pos¬ 
sible  reasons  for  this  lack  of  investigation  is  that 
sulfate  conjugates  may  not  readily  penetrate  cell 
membranes.  This  property  is  required  for  their 
excretion,  to  avoid  reabsorption  and  results  from 
their  negative  charge  at  physiological  pH  values. 
Therefore,  reactive  sulfate  conjugates  may  not  be 
reliably  detected  when  added  or  generated  out¬ 
side  the  detector  cell  in  test  systems.  However,  in 
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a  few  cases,  spontaneous  substitution  reactions, 
e.g,  with  chloride  anions,  may  lead  to  the  forma¬ 
tion  of  lipophilic  reactive  species  which  readily 
penetrate  membranes  [2,3]. 

Since  STs  are  not  naturally  expressed  in  the 
indicator  cells  of  common  in  vitro  mutagenicity 
test  systems  [4],  we  constructed  ST-proficient 
bacterial  and  mammalian  indicator  cells  using 
gene  transfer  techniques.  Salmonella 
typhimurium  TA1538  and  Chinese  hamster  V79 
cells  were  used  as  recipient  cells.  In  this  paper  we 
report  on  initial  experiences  in  mutagenicity 
investigations  using  these  new  test  organisms. 

Rats,  as  well  as  humans,  express  multiple 
forms  of  cytosolic  sulfotransferase  [5,6].  On  the 
basis  of  their  preferred  substrates  and  their 
amino  acid  sequences,  they  are  classified  into 
phenol  (or  aryl)  STs  (PSTs),  estrogen  STs 
(ESTs)  and  hydroxysteroid  (or  alcohol)  STs 
(HSTs).  In  humans,  only  single  forms  of  EST  and 
HST  are  known,  whereas  2  different  PSTs  can  be 
distinguished,  the  phenol-sulfating  or  thermo¬ 
stabile  form  (P-PST)  and  the  catecholamine-sul- 
fating  or  thermolabile  form  (M-PST).  In  the  rat, 
a  larger  number  of  different  STs  has  been  de¬ 
tected,  including  several  forms  of  HST  and  PST. 
In  the  present  study  we  have  expressed  3  human 
STs  (HST,  P-PST,  M-PST)  and  2  rat  STs.  The  rat 
STs  used  are  the  major  HST  (HSTa),  a  female- 
dominant  enzyme,  and  PST-IV  (also  frequently 
abbreviated  AST-IV),  a  male-dominant  enzyme. 
We  use  the  prefixes  h  and  r  for  human  and  rat, 
respectively,  to  the  abbreviations,  when  the 
origin  of  the  ST  is  not  obvious. 

2.  Materials  and  methods 

2.1.  Molecular  cloning  of  STs  and  expression  in 
Salmonella  typhimurium 
The  cloning  of  the  cDNAs  of  hHST,  hP-PST, 
hM-PST,  rHSTa  and  rPST-IV,  and  their  expres¬ 
sion  in  Escherichia  coli  XL-1  Blue  cells  using  the 
pKK233-2  vector  has  been  previously  reported 
[7-9].  The  plasmids  were  adapted  to  the  restric¬ 
tion  enzymes  of  S.  typhimurium  LT2  by  passag¬ 
ing  them  through  the  restriction-deficient,  but 
methylation-proficient  S.  typhimurium  strain 
LB5000  [10],  before  transformation  of  the  his 


strain  TA1538.  The  new  strains  were  given  the 
designations  of  the  parental  strain,  followed  by 
the  abbreviation  of  the  expressed  enzyme,  e.g. 
TA1538-hHST. 

2.2.  Stable  expression  in  Chinese  hamster  V79 
cells 

The  construction  and  characterization  of  the 
rHSTa-proficient  cell  line  V79-rSTa-l  has  been 
described  elsewhere  [11]. 

2.3.  Mutagenicity  assay  in  bacteria 

The  transformed  bacterial  strains  were  grown 
overnight  in  the  presence  of  ampicillin  (100  pg I 
ml)  to  reinforce  the  maintenance  of  the  recombi¬ 
nant  plasmid,  and  isopropyl-^-D-thiogalac- 
topyranoside  (1  mg /ml)  to  activate  the  lac  pro¬ 
moter  of  the  recombinant  ST  gene.  Mutagenicity 
was  tested  using  a  20  min-preincubation  assay 
with  5-fold  higher  than  usual  cell  density  [9]. 
Bacterial  cytosol  was  prepared  by  ultrasonica- 
tion,  dialyzed  against  buffer  and  supplemented 
with  the  cofactor  3'-phosphoadenosine-5'-phos- 
phosulfate  (PAPS)  [9]. 

2.4.  Sister  chromatid  exchange  (SCE)  in 
V79-derived  cell  lines 

The  same  protocol  which  we  previously  de¬ 
scribed  for  parental  V79  cells  [12]  was  used. 
Since  the  rHSTa-encoding  vector  was  co-trans- 
fected  into  V79  cells  together  with  a  puromycin 
resistance  marker,  a  control  cell  line  was  used, 
which  only  expressed  this  resistance  marker 
(V79p). 

3.  Results 

1-Hydroxymethylpyrene  (for  a  review  see  Ref. 
[13]),  a  metabolite  of  an  environmentally  re¬ 
levant  carcinogenic  polycyclic  hydrocarbon,  was 
inactive  in  the  parental  strain  TA1538,  but  was 
mutagenic  in  all  5  strains  which  express  ST  (Fig. 
1,  left  panel).  Stronger  effects  were  observed  in 
the  strains  expressing  HST  than  in  those  express¬ 
ing  PST.  Rat  HSTa  was  somewhat  more  effective 
than  human  HST  (initial  slopes  of  the  dose- 
response  curves:  750  and  260  revertants  per 
nmol,  respectively).  Hycanthone,  a  schis- 
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Fig.  1.  Mutagenicity  of  1-hydroxymethylpyrene,  hycanthone  and  l'-hydroxysafrole  to  S.  typhimurium  TA1538  (A),  and  TA1538- 
derived  strains  which  express  rat  HSTa  (□),  human  HST  (■),  rat  PST-IV  (O),  human  P-PST  (•)  and  human  M-PST  (A). 


tosomacidal  drug,  was  weakly  mutagenic  in  the 
parental  strain  TA1538  (24  revertants  per  nmol). 
These  effects  were  virtually  unaffected  when  the 
PSTs  were  expressed,  but  were  strongly  en¬ 
hanced  when  the  HSTs  were  expressed  in 
TA1538  cells  (Fig.  1,  middle  panel).  With  hy¬ 
canthone,  human  HST  was  more  efficient  (1400 
revertants  per  nmol)  than  rat  HSTa  (250  re¬ 
vertants  per  nmol).  l'-Hydroxysafrole,  a  metabo¬ 
lite  of  safrole,  a  carcinogen  which  occurs  natu¬ 
rally  in  various  food  flavors,  was  not  mutagenic 
to  TA1538  (data  not  shown)  nor  to  the  isogenic 
strains  expressing  hP-PST  or  rPST-IV;  however, 
l'-hydroxysafrole  was  mutagenic  to  both  strains 
expressing  rHSTa  or  hHST  (Fig.  1,  right  panel). 
The  effect  of  l'-hydroxysafrole  was  much  weaker 
and  required  much  higher  concentrations  than 
those  of  1-hydroxymethylpyrene  and  hycan¬ 
thone.  The  number  of  induced  revertants  per 
nmol  l'-hydroxysafrole  amounted  to  0.015  and 
0.009  in  strains  TA1538-rHSTa  and  TA1538- 
hHST,  respectively. 

In  order  to  compare  the  efficiencies  of  endo¬ 
genous  and  exogenous  activations,  the  com¬ 
pounds  were  tested  for  mutagenicity  (i)  directly 
in  the  ST-proficient  strain  TA1538-hHST,  and 
(ii)  in  the  ST-deficient  strain  TA538  in  the 
presence  of  PAPS-  and  chloride-supplemented 


cytosol  from  strain  TA1538-hHST.  1-Hydroxy- 
methylpyrene  was  strongly  mutagenic  under  both 
experimental  conditions.  Although  6-hydroxyme- 
thylbenzo[a]pyrene  was  more  potent  than  1-hy¬ 
droxymethylpyrene  to  strain  TA1538-hHST 
(1500  versus  210  revertants  per  nmol),  it  showed 
only  minimal  mutagenicity  in  the  presence  of  the 
exogenous  activating  system  (Fig.  2).  Only  when 
very  high  concentrations  of  substrate  and  cytosol 
from  TA1538-hHST  were  used,  could  the  muta¬ 
genic  effects  be  enhanced  (data  not  shown).  Like 
6-hydroxymethylbenzo[tf]pyrene,  hycanthone 
showed  low  responsiveness  towards  exogenous 
activation  by  cofactor-supplemented  cytosol 
from  strain  TA1538-hHST  (data  not  shown),  but 
was  strongly  mutagenic  when  directly  tested  in 
this  strain  (Fig.  1). 

The  V79-rSTa-l  cell  line  was  used  for  the  study 
of  the  genotoxicity  of  a  series  of  compounds 
which  are  structurally  related  to  1-hydroxy¬ 
methylpyrene.  The  benzylic  carbocation  gener¬ 
ated  from  1-hydroxymethylpyrene  is  stabilized 
by  the  same  aromatic  system  as  those  from  the 
bay-region  dihydrodiol-epoxides  of  benzo[a]pyr- 
ene,  the  most  thoroughly  investigated  car¬ 
cinogenic  polycyclic  aromatic  hydrocarbon. 
Moreover,  the  hydrolysis  products  of  the  ben- 
zo[a]pyrene  dihydrodiol-epoxides,  the  7,8,9,10- 
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Fig.  2.  Mutagenicity  of  1-hydroxymethylpyrene  (O)  and  6-hydroxymethylbenzo[fl]pyrene  (•)  using  exogenous  or  endogenous 
activation  by  human  HST  expressed  in  S.  typhimurium.  Left  panel:  a  fixed  amount  (43  nmol)  of  test  compound  was  tested  for 
mutagenicity  to  strain  TA1538  in  the  presence  of  PAPS  and  varying  amounts  of  cytosol  from  strain  TA1538-hHST.  Right  panel: 
varying  amounts  of  the  benzylic  alcohols  were  tested  directly  in  strain  TA1538-hHST  in  the  absence  of  an  exogenous  metabolizing 
system.  Values  are  means  and  S.E.  of  3  plates.  Where  no  error  bar  is  shown,  it  falls  within  the  symbol. 


tetrahydrotetrols,  that  contain  1-hydroxy- 
methylpyrene  in  their  structure,  might  be  reacti¬ 
vated  by  sulfation  of  the  hydroxyl  group  in 
position  10  and  then  form  the  same  DNA  ad¬ 
ducts  as  do  the  dihydrodiol-epoxides.  For  this 
reason,  1-hydroxymethylpyrene,  benzo[a]pyrene- 
7,10/8,9-tetrol  (trans-hydrolysis  products  of 
tfrcfi-benzo[tf]pyrene-7,8-diol-9, 10-oxide)  and 
benzo[fl]pyrene-7  /  8,9,10-tetrol  (cis-hydrolysis 
products  of  amf-benzo[tf]pyrene-7,8-diol-9, 10- 
oxide)  were  tested  for  genotoxic  activity  in  ST- 
proficient  cells.  l-(l-Hydroxyethyl)pyrene  and 
10  -  hydroxy  -  7, 8, 9, 10  -  tetrahydrobenzo [a] pyrene, 
which  structurally  are  derived  from  1-hydroxy¬ 
methylpyrene  by  the  extension  and  anellation  of 
the  side  chain,  were  also  included  in  this  series. 
All  5  compounds  increased  the  frequency  of  SCE 
in  V79-rSTa-l  cells  (Fig.  3),  whereas  they  were 
inactive  or  much  less  active  in  V79p  cells.  At  low 
substrate  concentrations,  1-hydroxymethylpyrene 
showed  the  strongest  effects,  and  the  tetrols 
showed  the  weakest  effects.  However,  the  tetrols 
were  also  much  less  cytotoxic  than  the  other 


compounds,  and  therefore  could  be  tested  at 
higher  levels.  With  benzo[a]pyrene-7/ 8,9,10-tet¬ 
rol,  the  relatively  low  activity  per  concentration 
unit  could  be  compensated  for  by  the  concen¬ 
tration  which  could  be  tested,  so  that  it  elicited 
the  highest  absolute  increase  in  the  frequency  of 
SCE  among  all  congeners. 

4.  Discussion 

Both  in  Salmonella  and  V79  cells,  heterolog¬ 
ous  expression  of  STs  led  to  strong  genotoxic 
effects  with  compounds  which  were  inactive  or 
weakly  active  in  the  parental,  ST-deficient  cells. 
It  is  therefore  concluded  that  these  compounds 
were  activated  by  metabolic  sulfation  and  that 
the  expressed  STs  were  enzymatically  active  and 
supplied  with  cofactor  in  the  recombinant  cells. 

Exogenously  added  PAPS-  and  chloride-for¬ 
tified  cytosol  preparations  from  strain  TA1538- 
hHST  efficiently  activated  1-hydroxymethylpyr¬ 
ene  to  a  mutagen.  In  previous  studies,  other 
exogenous  sources  of  ST  activity  have  also  been 
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Fig.  3.  Induction  of  SCE  in  V79-rSTa-l  cells  (expressing  rat 
HSTa)  by  1 -hydroxy  methylpyrene  (O),  l-(l-hydroxy- 
ethyl)pyrene  (•),  10-hydroxy-7,8,9,10-tetrahydrobenzo[«]- 
pyrene  (A),  benzo[a]pyrene-7,10/8,9-tetrol  (■)  and 
benzo[a]-pyrene-7 / 8,9,10- tetrol  (□).  All  compounds  were 
tested  up  to  the  limits  of  toxicity.  Values  are  means  of  25 
metaphases  and  normalized  for  22  chromosomes.  S.E.  was 
usually  <15%  of  the  mean.  Benzo[a]pyrene-7/8,9,10-tetrol 
induced  SCE  also  in  ST-deficient  V79p  control  cells  (express¬ 
ing  the  puromycin  selection  marker  only),  but  the  activity 
was  only  about  1/10  of  that  observed  in  V79-rSTa-l  cells.  All 
other  compounds  were  inactive  in  V79p  cells  (increase  in  the 
number  of  SCE  per  metaphase  of  =^1  at  all  concentration 
levels). 

very  efficient  with  this  compound  [11,14],  where¬ 
by  1-chloromethylpyrene,  which  is  spontaneously 
formed  from  1-sulfoxymethylpyrene,  appears  to 
be  the  major  active  species  [2,13].  The  positive 
response  with  1-hydroxymethylpyrene  demon¬ 
strates  that  the  exogenous  hHST  was  active. 
However,  the  same  enzyme  preparations  added 
to  the  cell  medium  only  supported  the  muta¬ 
genicity  of  6-hydroxymethylbenzo[a]pyrene  and 
hycanthone  with  very  low  efficiencies,  although 
these  compounds  were  stronger  mutagens  than 
1-hydroxymethylpyrene  when  hHST  was  ex¬ 
pressed  in  the  indicator  bacteria.  It  is  therefore 
concluded  that  only  a  very  small  proportion  of 
the  active  metabolites  of  6-hydroxy- 
methylbenzo[fl]pyrene  and  hycanthone  reaches 
the  intracellular  target  when  they  are  generated 
outside  the  indicator  cell.  Although  these  find¬ 
ings  were  made  using  bacterial  indicator  cells,  it 
is  probable  that  they  can  be  confirmed  in  mam¬ 


malian  cells,  since  it  is  the  aim  of  phase-II 
metabolism  to  reduce  the  ability  of  the  com¬ 
pounds  to  passively  penetrate  cell  membranes. 

We  did  not  detect  mutagenic  effects  of  10- 
hydroxy-7,8,9,10-tetrahydrobenzo[a]pyrene  or 
benzo[tf]pyrene-tetrols  in  Salmonella  using  exter¬ 
nal  activating  systems  ([14]  and  unpublished 
results)  and  have  not  yet  tested  them  in  the  new 
bacterial  strains.  However,  they  showed  ST-de- 
pendent  genotoxicity  in  V79-derived  mammalian 
cells.  The  tetrols  contain  2  benzylic  hydroxyl 
groups,  in  the  7  and  10  positions,  but  it  is  not 
known  which  of  them  are  sulfated.  The  observa¬ 
tion  that  1 0-hy  droxy-7 ,8 ,9 , 10-t  etr  ahy  drob  en- 
zo[a]pyrene  was  substantially  more  effective  in 
the  induction  of  SCE  than  7-hydroxy-7,8,9,10- 
tetrahydrobenzo[a]pyrene  may  suggest  that  the 
10  (bay-region)  position  is  sulfated.  It  remains  to 
be  investigated  to  what  extent  reactivation  of 
tetrols  contributes  to  the  high  biological  activity 
of  dihydrodiol-epoxides.  An  analogous  reactiva¬ 
tion  by  sulfation  has  been  reported  for  3,4- 
dihydroxy-3,4-dihydrocyclopenta[c,d]pyrene,  the 
hydrolysis  product  of  cyclopenta[c,d]pyrene-3 ,4- 
oxide  [15]. 

Some  STs  are  expressed  with  high  tissue  and 
cell  selectivity.  The  HSTs  are  primarily  expressed 
in  the  liver.  Selective  expression  of  the  activating 
enzyme  together  with  limitations  in  the  penetra¬ 
tion  into  other  cells  may  explain  the  organotrop¬ 
ism  of  the  investigated  compounds.  6-Hydroxy- 
methylbenzo[a]pyrene  is  a  potent  hepato- 
carcinogen  [1].  Also  safrole  exerts  its  car¬ 
cinogenic  effects  in  the  liver  [1].  The  medical  use 
of  hycanthone  is  severely  limited  by  its  hepato- 
toxicity  [1].  Other  STs  are  expressed  at  high 
levels  in  extrahepatic  tissues,  such  as  gut  and 
brain.  For  example,  the  specific  activity  of  sulfa¬ 
tion  of  terbutaline  in  human  duodenum  is  about 
30  times  higher  than  in  the  liver,  and  high  levels 
were  also  detected  in  the  other  sections  of  the 
small  and  large  intestine  [16].  It  appeared  that 
hM-PST  was  involved  in  this  activity. 

The  new  bacterial  and  mammalian  indicator 
cells  will  allow  the  testing  of  chemicals  for  ST- 
dependent  bioactivation  as  well  as  the  identifica¬ 
tion  of  the  involved  ST  forms. 

Recently,  additional  forms  of  STs  have  been 


834 


H.  Glatt  et  al.  /  Toxicology  Letters  82183  (1995)  829-834 


stably  expressed  in  V79  cells,  a  second  form  of 
rat  HST  (rHST20)  (I.  Bartsch,  A.  Czich  and 
H.R.  Glatt,  unpublished),  rat  hydroxamic  acid 
ST  (rSTICl)  (I.  Bartsch,  Y.  Yamazoe  and  H.R. 
Glatt,  unpublished),  hM-PST  and  hP-PST  [17], 
and  hHST  [18]. 
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Abstract 

Currently,  there  is  a  highly  politicized  debate  on  the  comparative  risks  of  naturally  occurring  and  synthetic 
chemicals.  Since  humans  are  often  exposed  to  complex  mixtures  of  both  classes  of  chemicals,  the  real-world  value 
of  this  debate  is  unclear.  However,  in  any  such  comparison,  it  is  important  to  realize  that  some  naturally  occurring 
substances  -  such  as  lead  or  tobacco  -  have  been  so  altered  or  disturbed  by  human  activity  that  they  are  best 
considered  as  products  of  human  activity,  or  anthropogenic.  Reasons  for  concern  over  synthetic  and  anthropogenic 
chemicals  include:  persistence  and  propensity  for  long-term  storage  in  biota  and  the  environment;  structural 
similarity  to  endogenous  biomolecules;  and  additivity  to  natural  hazards. 

Keywords:  Risk  assessment;  Synthetic  chemicals;  Carcinogens;  Xenoestrogens;  Metals;  Dioxins;  PCBs 


1.  Introduction 

To  debate  the  relative  hazards  of  synthetic  as 
compared  to  natural  compounds  is  at  one  level 
somewhat  trivial.  In  the  real  world,  humans  and 
ecosystems  encounter  exposures  to  both  classes 
of  toxicants,  often  in  mixtures.  However,  there 
are  serious  elements  to  this  topic,  most  par¬ 
ticularly  because  of  the  renewed  efforts  of  some 
to  elevate  this  question  to  the  highest  priority  in 
discussions  of  environmental  health  [1],  A  cur¬ 
rent  National  Research  Council  committee  is 
charged  with  considering  the  public  health  sig¬ 
nificance  of  naturally  occurring  carcinogens,  an 
issue  raised  by  Ames  and  others,  who  frequently 
criticize  the  allocation  of  testing  and  regulatory 
resources  towards  synthetic  chemicals.  That 
naturally  occurring  compounds  and  conditions 
can  be  extremely  toxic  (usually  acutely)  is 


beyond  dispute.  What  is  more  relevant  to  con¬ 
sider  is  whether  current  research  and  regulatory 
policy  neglect  these  natural  risks  by  placing 
undue  emphasis  and  ‘unfair’  restrictions  upon 
synthetic  risks.  The  policy  implications  of  this 
issue  are  at  least  twofold:  first,  there  is  proposed 
legislation  that  mandates  comparative  risk  assess¬ 
ment  as  a  necessary  component  of  health  and 
safety  policies,  explicitly  requiring  that  regulators 
must  consider  the  risks  of  chemicals,  such  as 
pesticides,  in  the  context  of  such  natural  hazards 
as  lightning,  floods,  asteroid  impacts,  or  exposure 
to  natural  mutagens  such  as  aflatoxin  (S  343, 
104th  Congress;  see  [2,3]  for  comments).  There 
has  been  one  ingenious  attempt  to  undertake  a 
comparison  of  the  carcinogenic  risks  of  aflatoxin 
and  the  pesticide /growth  regulator  Alar,  which 
found  that  under  conditions  of  anticipated  diet¬ 
ary  exposures,  Alar  may  be  riskier  [4].  Second, 
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some  have  demanded  that  equal  investments  in 
testing  programs  be  given  to  mutagens  and  other 
toxins  in  food  in  the  National  Toxicology  Pro¬ 
gram  cancer  bioassay  [5].  There  have  been  com¬ 
pelling  discussions  of  phytoestrogens  as  poten¬ 
tially  important  xenoestrogens  (or  environmental 
endocrine  disruptors)  [6].  Are  these  demands 
scientifically  reasonable  or  merely  politically  dis¬ 
ingenuous,  and  what  is  their  likely  impact  upon 
environmental  research  and  public  health  policy? 

In  discussing  this  topic,  at  the  outset  I  propose 
an  expansion  of  the  definition  of  synthetic  chemi¬ 
cals.  Ordinarily,  we  understand  this  category  to 
denote  those  compounds  produced  by  human 
activity,  that  are  otherwise  not  found  in  nature 
(or  possibly  found  in  trace  amounts,  such  as 
some  dioxins).  I  propose  to  add  to  this  category 
compounds  that  may  be  of  natural  origin  but 
whose  presence  or  physical-chemical  form  in  the 
biosphere  has  been  substantially  perturbed  by 
human  activity  such  that  human  exposures  have 
been  greatly  magnified.  For  instance,  tobacco  is  a 
natural  plant,  but  the  extraction  of  tobacco  and 
other  elements  and  processing  into  smokable  or 
chewable  material  has  presented  humans  with  an 
anthropogenic  hazard  not  encountered  from 
tobacco  in  its  natural  state.  Also  in  this  category 
the  useful  but  toxic  elements  lead,  cadmium,  and 
mercury  are  properly  classified.  Over  the  past 
5000  years,  as  shown  in  Fig.  1,  anthropogenic 
exploitation  of  lead  has  multiplied  concentra¬ 
tions  of  lead  in  long-term  environmental  sinks 
such  as  undisturbed  soils,  sediments,  ice,  and 
corals  [7,8].  This  enrichment  of  the  human  en¬ 
vironment  has  resulted  in  logarithmic  increases 
in  what  are  now  considered  ‘background’  levels 
of  lead  in  blood,  even  in  remote  populations.  As 
shown  in  Fig.  2,  our  blood  lead  levels  are 
between  10-100  times  that  estimated  to  have 
been  the  levels  of  lead  in  blood  in  preindustrial 
humans  [9].  Blood  lead  levels  in  modern  Ameri¬ 
cans  are  between  100  and  1000  times  that  of 
preindustrial  populations  (between  2  and  50  fig! 
dl,  as  compared  to  0.01-0.02  /xg/dl). 

These  enrichments  are  comparable  to  more 
recent  changes  in  concentrations  of  dioxins  in 
human  tissues  and  sedimentary  records  [10,11]. 
This  period  coincides  with  the  development  of 


Fig.  1.  History  of  anthropogenic  lead  exploitation  from  3500 
BC  to  the  present  (note  that  v-axis  is  logarithmic).  Data  from 

[7]. 


the  synthetic  organic  chemical  industry,  and  the 
discovery  and  production  of  many  interesting 
chlorinated  derivatives  of  benzene  and  phenol 
[12].  Thus  although  humans  have  not  ‘created’ 
lead,  in  some  type  of  reverse  alchemy,  we  have 
substantially  changed  its  natural  patterns  of  loca¬ 
tion  and  disposition  with  the  result  that  both 
likelihood  and  intensity  of  exposures  are  in¬ 
creased.  For  that  reason,  it  is  more  useful  to 
expand  the  category  of  synthetic  compounds, 

Lead  in  Perspective: 

How  Low  is  Toxic? 

LD  50 

CDC  Level  of  Concern 
Median  US  Pop  1990 
"Control"  US  Pop 
Remote  Biota 
Preindustrial  Humans 

O01  01  1  10  100 

Pb  in  Blood  (vg/dl)  LOG 

Fig.  2.  Estimated  and  measured  blood  lead  levels  in  human 
populations,  from  pre-industrial  times  to  the  present  Data 
from  [8,9], 
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such  as  dioxins  and  PCBs,  to  include  anthro- 
pogenically  perturbed  substances  like  lead,  mer¬ 
cury,  and  cadmium. 

2.  Reasons  for  increased  concern  for  synthetic/ 
anthropogenic  compounds 

There  are  several  general  reasons  to  suspect 
that  the  category  of  synthetic  and  anthropogenic 
chemicals  may  contain  greater  risks,  or  a  greater 
number  of  risky  substances,  than  the  category  of 
natural  chemicals.  Synthetic  chemicals  may  pos¬ 
sess  some  of  the  following  characteristics  that  can 
increase  their  risks: 

•  persistence  and  long-term  metabolic  storage; 

•  structural  similarity  to  endogenous  com¬ 
pounds; 

•  ‘stickiness’  to  receptors,  channels,  or  other 

biomolecules; 

•  additivity  or  synergism  with  natural  toxins. 

2.1 .  Persistence  and  metabolic  storage 

Some  synthetic  compounds  are  resistant  to 
both  metabolic  degradation  and  physical /chemi¬ 
cal  breakdown.  This  is  generally  not  the  case 
with  natural  compounds,  such  as  plant  estrogens, 
natural  mutagens,  or  neurotoxins  of  plant  or 
animal  origin.  Many  of  these  are  subject  to 
enzymatic  processing,  rapid  hydrolysis  or  photo- 
lytic  breakdown.  This  is  not  surprising,  given 
their  origin  in  biota.  In  addition  to  persistence, 
some  synthetic  compounds  are  also  partitioned 
into  lipid  compartments  or  stored  in  mineralized 
tissue,  unlike  most  natural  toxins  that  are  hydro¬ 
philic  in  nature  (because  they  are  manufactured 
and  secreted  by  cells).  It  has  also  been  suggested 
by  some  [13]  that  humans  have  evolved  in  the 
context  of  these  natural  toxic  compounds,  par¬ 
ticularly  those  found  in  diet,  and  that  we  have 
acquired  through  selection  efficient  biological 
mechanisms,  such  as  inducible  enzymes,  to  de¬ 
toxify  many  of  them. 

These  two  characteristics  have  resulted  in  the 
ubiquitous  presence  of  displaced  elements,  like 
lead,  and  some  highly  persistent  lipophiles 


throughout  the  biosphere.  The  stable  isomers  of 
the  organochlorines  -  PCBs,  PCDDs,  PCDFs, 
dieldrin,  lindane,  chlordane,  heptachlor,  and  the 
DDT  metabolite  DDE  -  are  among  these  com¬ 
pounds.  Recent  surveys  have  demonstrated  the 
ubiquitous  presence  of  these  compounds  in  the 
diets  and  tissues  of  even  remote  populations.  For 
example,  Inuit  populations  in  Arctic  Quebec 
have  breastmilk  concentrations  of  PCBs, 
PCDDs,  and  PCDFs  that  are  much  higher  than 
those  found  in  breastmilk  sampled  from  urban 
women  living  in  Quebec  city  [14].  The  nature  of 
biomagnification  through  food  webs,  including 
humans  as  top  predators,  increases  the  likelihood 
of  exposures  for  carnivorous  or  omnivorous 
consumers,  such  as  humans  and  marine  mam¬ 
mals.  Lipophilicity  also  results  in  partitioning  and 
secretion  of  some  of  these  chemicals  in  breast¬ 
milk,  a  high  fat  source  [15].  Several  recent 
surveys  have  suggested  that  a  relatively  high 
proportion  of  human  exposures  to  dioxin-like 
compounds  may  come  via  breastfeeding  [16]. 

Several  toxic  metals  that  have  been  subject  to 
extensive  anthropogenic  transfers  from  their 
natural  crustal  locations  are  stored  in  mineral 
compartments  within  organisms.  In  humans, 
most  of  the  body  burden  of  lead  is  found  in  the 
skeleton;  strontium,  aluminum,  cadmium,  and 
mercury  are  also  stored  in  this  organ  [17].  There 
is  evidence  that  these  metals  may  be  toxic  to 
bone;  however,  of  greater  potential  concern  is 
the  possible  mobilization  of  this  integrated  store 
during  such  physiological  conditions  as  pregnan¬ 
cy,  lactation,  renal  disease,  calcium  deficiency, 
menopause,  and  aging  [18]. 

It  should  be  noted  that  even  in  the  case  of 
nonpersistent  chemicals,  if  uses  and  releases  are 
sufficiently  dispersive  and  intense,  increased  con¬ 
centrations  of  these  chemicals  can  be  found 
almost  as  ubiquitously  as  the  persistent  com¬ 
pounds  and  elements  discussed  above.  As  shown 
in  Table  1,  global  measurements  taken  of 
methylene  chloride,  a  nonpersistent  volatile  or¬ 
ganic  solvent  in  widespread  use,  demonstrate 
that  this  chemical  can  be  measured  in  air  samples 
worldwide,  although  there  are  clear  ‘hotspots’ 
associated  with  expected  sources  such  as  waste 
disposal  and  industrial  facilities  [19]. 
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Table  1 


Levels  of  methylene  chloride  in  air  at  selected  locations 


Location 

Concentration  (/xg/nv  ) 

Mean 

Notes 

Wiltshire.  UK 

0.1  (range) 

Dec/ Jan  74/5:  13  samples 

Northern  Italy 

<5-100 

Samples  from  outside  14  houses  and  one  office  block 

Netherlands 

1.4-14  (range) 

Three  sites:  background,  suburban,  near  sources:  1979-81 

Arctic:  clear  air 

0.08 

Spring  1984:  30  samples  from  aircraft 

haze 

0.11 

Norwegian  Arctic 

0.26 

July  1982 

Spitzbcrgcn 

0.29 

March  1983 

California 

7.2 

Mean  of  means,  max.  mean  20  /xg/nT 

US:  rural  and  remote 

45 

Summary  data  1970 — 80: 

remote  urban 

630 

718  samples 

suburban  source  dominated 

270 

127  samples 

US  landfills 

3200 

Survey  of  levels  in  gases  from  landfills 

Japan:  1979 

0.25-5.3  (range) 

25  of  46  positive  samples 

1980 

0.30-2.8  (range) 

47  of  135  positive  samples 

1981 

0.01-19.8  (range) 

99  of  101  positive  samples 

Northern  hemisphere 

0.13 

December  1981  sample  date 

Southern  hemisphere 

0.07 

December  1981  sample  date 

Data  from  Ref.  [19]. 


2.2.  Similarity  to  endogenous  molecules 

Sometimes  deliberately  and  sometimes  inad¬ 
vertently,  humans  have  synthesized  and  used 
molecules  with  structural  similarities  to  potent 
endogenous  chemicals.  Pesticides,  fungicides,  and 
plant  growth  regulators  are  examples  of  com¬ 
pounds  deliberately  designed  to  resemble  endog¬ 
enous  bioactive  molecules,  such  as  neurotrans¬ 
mitters  and  hormones.  Biotechnology  may  yield 
further  variants  upon  this  theme  with  even  great¬ 
er  homology  to  natural  regulators  of  cell/cell 
communication,  growth  and  senescence.  Al¬ 
though  at  one  time  it  was  hoped  that  we  could 
enjoy  selective  protection  from  these  designer 
toxins  either  because  of  assumed  qualitative 
differences  between  humans  and  pests  such  as 
insects,  fungi,  and  nematodes  or  because  of  dose, 
this  security  has  often  proved  to  be  illusory. 
Moreover,  the  unrecognized  potential  for  some 
of  these  agents  to  accumulate  in  the  biosphere 
(e.g.  the  organochlorine  pesticides  that  act  upon 
neurotransmitter-regulated  ionophores  [28])  has 
destroyed  any  short-term  immediate  advantage 
of  dose  restriction  at  the  time  of  application. 

The  most  notorious  example  of  an  inadvertent 


‘mimic’  of  an  endogenous  molecule  is  probably 
TCDD.  As  is  now  clear  from  the  elegant  knock¬ 
out  studies  of  transgenic  mice  [29],  the  endogen¬ 
ous  acceptor/transducer  molecule  for  dioxin 
plays  an  important  role  in  development,  and 
possibly  other  cell  functions.  Unfortunately  for 
us  and  other  species,  the  synthetic  molecule 
TCDD  appears  to  have  the  best  ‘fit’  to  this 
receptor  and  to  induce  downstream  events  of 
altered  gene  transcription  with  very  great 
potency  [20].  Some  other  chlorinated  hydrocar¬ 
bons  may  also  bear  inadvertent  resemblance  to 
identified  endogenous  hormones,  such  as  es¬ 
trogen,  thyroid  hormone,  retinol,  and  androgens 
[21].  It  may  be  that  the  anthropogenically-dis- 
turbed  toxin  cadmium  exerts  its  toxicity  by 
‘mimicking’  zinc  at  critical  molecular  sites,  such 
as  binding  to  metallothionein. 

2.3.  Stickiness 

In  some  cases,  these  toxicants  may  be  more 
potent  than  the  endogenous  compounds  they 
replace  or  augment.  This  increased  potency  can 
result  from  simple  toxicokinetics,  since  in  some 
cases  these  synthetic  mimics  are  more  slowly 
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metabolized  or  cleared  than  the  endogenous 
compound,  which  is  usually  cleared  or  catabol- 
ized  rapidly  in  order  to  permit  rapid  changes  in 
cell  state.  As  pointed  out  by  Birnbaum  and 
colleagues  in  studies  of  the  dioxins,  slower  tox- 
icokinetic  clearance  can  confer  biological  activity 
even  upon  compounds  that  show  very  little 
activity  in  acute  in  vitro  studies  [20]. 

In  addition,  some  of  these  compounds  may  be 
‘stickier’  at  acceptor  sites  because  of  slight  differ¬ 
ences  in  physical  chemical  characteristics.  Lead, 
for  instance,  appears  to  bind  at  many  calcium¬ 
binding  sites  at  least  in  the  nervous  system. 
However,  because  of  its  much  greater  mass/ 
charge  ratio,  lead  may  have  greater  affinity  (or 
slower  off  rates)  than  calcium  or  zinc  at  these 
sites,  as  appears  to  be  the  case  for  calmodulin 
and  protein  kinase  C  [22].  This  is  why  lead  can 
displace  zinc,  atom  for  atom,  in  the  enzyme 
aminolevulinic  acid  dehydrase,  but  zinc  cannot 
displace  lead  until  much  higher  concentrations 
are  added  (Silbergeld,  unpublished  data).  In¬ 
creased  ‘stickiness’  may  increase  the  ability  of 
these  xenobiotics  to  compete  with  natural  ligands 
or  compounds  at  binding  sites,  and  may  cause 
weak  agonists  to  exert  antagonist  effects. 

2.4.  Additivity 

Finally,  there  is  a  simple  consideration  of 
additivity.  No  matter  how  large  or  significant  the 
load  of  risks  from  natural  compounds,  they  are 
added  to  by  the  increasing  input  of  synthetic 
compounds  and  anthropogenically-disturbed  tox¬ 
ins.  That  is,  a  human  exposed  to  phytoestrogens 
in  plants  may  now  be  also  exposed  to  chlor- 
decone,  DDT,  PCBs,  and  other  xenoestrogens  of 
synthetic  origin,  as  well  as  the  increased  loadings 
of  plant  estrogens  halogenated  during  the  an¬ 
thropogenic  activity  of  pulp  bleaching.  Some  of 
these  combined  exposures  may  be  inconsequen¬ 
tial;  some  may  add  no  net  risk,  as  suggested  by 
Safe  [6].  However,  at  least  some  are  likely  to  be 
additive,  and  a  few  may  be  synergistic.  While  this 
argument  does  not  detract  from  the  suggestion 
that  the  natural  toxins  should  also  be  tested  and 
evaluated,  it  provides  some  rationale  for  exerting 
a  stringent  ‘gatekeeper’  function  over  the  delib¬ 


erate  addition  of  new  chemicals  into  the  ‘sea  of 
mutagens’  (to  quote  Ames)  and  other  toxins  in 
which  we  already  exist. 

3.  Should  we  be  concerned? 

Some  have  suggested  that  since  lifespans  are 
increasing  and  in  many  countries  other  health 
indicators  indicate  improvement  in  terms  of  the 
incidence  and  prevalence  of  certain  diseases,  that 
the  relatively  recent  increases  in  synthetic  chemi¬ 
cals  cannot  be  damaging  human  health.  (It 
should  be  noted  in  passing  that  surveys  of  trends 
in  some  wildlife  populations,  such  as  the  Great 
Lakes,  do  not  support  such  optimism  [23].)  A 
considerable  debate  exists  about  the  evidence 
from  data  such  as  cancer  mortality  and  morbidity 
trends  over  the  past  60  years  [1,13].  While  such 
general  data  cannot  confirm  or  exclude  relation¬ 
ships  between  exposures  and  risk,  it  should  be 
remembered  that  it  was  trend  data  of  this  type 
that  first  alerted  public  health  officials  and  physi¬ 
cians  to  the  very  great  risks  of  smoking,  when 
lung  cancer  death  rates  in  men  began  to  escalate 
in  the  early  1930s,  some  two  decades  after 
smoking  became  a  prevalent  social  behavior. 

Temporal  trends  in  incidence  of  asthma  and 
other  respiratory  conditions  have  been  corre¬ 
lated  with  changes  in  air  quality,  related  to  such 
pollutants  as  NOx,  sulfur  oxides,  ozone  and 
particulates.  In  some  cases,  correlative  evidence 
exists  from  prospective  studies  of  persons  ex¬ 
posed  to  fluctuations  in  concentrations  of  these 
pollutants  [24]. 

More  recently,  evidence  has  been  offered  to 
suggest  possible  increases  in  trends  for  outcomes 
related  to  reproduction  and  development.  As 
shown  in  Table  2,  the  Center  for  Disease  Control 
(CDC)  Birth  Defects  Monitoring  Program  has 
provided  some  evidence  for  increases  in  certain 
structural  defects  likely  to  be  largely  if  not 
entirely  independent  of  changes  in  diagnosis  or 
surveillance  [25].  Of  even  greater  public  concern, 
has  been  evidence  presented  for  declining  sperm 
counts  and  quality  over  time  [6].  The  studies 
indicate  that  sperm  counts  have  decreased,  par¬ 
ticularly  in  younger  men,  over  the  past  decade 
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Table  2 


Trends  in  the  incidence  of  selected  birth  defects,  from  international  birth  defects  monitoring  system.  1983-1991 


Defect  combination 
with  anotia/microtia 

No.  of  cases /year 

1983-1985 

1986-1988 

1989-1991 

Hydrocephalus  plus  cleft  palate 

0 

1 

6 

Microcephalus  plus  cleft  palate 

0 

0 

4 

Minor  facial  defects  plus  cleft  palate 

0 

3 

14 

Cleft  palate  plus  anal  atresia 

1 

2 

5 

Cleft  palate  plus  deformations 

0 

5 

9 

Minor  facial  defects  plus  cardiac  defects 

7 

6 

13 

Minor  facial  defects  plus  deformations 

3 

7 

14 

Data  from  Ref.  [25], 


particularly,  but  possibly  with  a  steady  rate  for  a 
much  longer  period.  The  correlates  and  antece¬ 
dents  of  these  events  are  unknown,  but  different 
patterns  among  countries  may  further  elucidate 
potential  hypotheses  for  epidemiological  and 
toxicological  study. 


4.  Conclusions 

Both  natural  and  synthetic/ anthropogenic 
compounds  can  present  risks  to  human  health, 
dependent  upon  dose  and  variations  in  suscep¬ 
tibility  among  exposed  individuals  and  popula¬ 
tions.  However,  to  demand  equal  treatment  of 
both  categories  is  not  sensible  scientifically  or 
good  public  policy.  Scientifically,  there  is  reason 
to  be  relatively  more  concerned  about  many 
synthetic  compounds,  particularly  those  that  are 
persistent,  metabolically  stored  within  biota,  de¬ 
signed  to  resemble  biomolecules,  and  more  ac¬ 
tive  than  their  natural  analogues  at  defined 
biological  sites  within  cells  and  organs.  The  first 
four  characteristics  -  persistence,  metabolic  stor¬ 
age,  deliberate  design,  and  increased  bioactivity 
-  are  distinctive  of  some  synthetic,  as  opposed  to 
natural  compounds.  In  terms  of  public  policy,  the 
advocates  of  ‘equal  treatment’  for  natural  toxic¬ 
ants  would  flood  our  limited  resources  for  toxici¬ 
ty  testing,  epidemiological  surveillance,  and  risk 
assessment  with  thousands  of  natural  com¬ 
pounds.  This  will  not  result  in  improvements  in 
either  policy  or  public  health.  Just  as  the  NTP  is 
highly  selective  in  terms  of  its  chemical  nomina¬ 
tion  process  [26],  we  must  continue  to  exercise 


reasonable  judgement  in  the  evaluation  of  chemi¬ 
cal  and  other  risks  in  our  environment.  Insofar  as 
human  activity  may  continue  to  perturb  naturally 
occurring  substances,  through  exploitation  of 
new  elements  (such  as  gallium,  yttrium,  and 
ytterbium,  to  cite  three  metals  of  great  interest  in 
microelectronics  and  superconducting,  for  which 
inadequate  information  on  toxicity  exists  [27])  or 
the  amplification  or  translocation  of  biological 
molecules  through  biotechnology  from  one 
species  to  another,  then  these  compounds  are 
rightly  added  to  the  subcategory  of  anthropogen¬ 
ic  compounds.  These  deserve  equal  attention  as 
those  chemicals  devised  by  human  ingenuity. 
Given  the  continuing  gross  insufficiency  of  in¬ 
formation  on  existing  and  new  chemicals,  it  is 
imperative  to  continue  to  use  the  best  judgment 
possible  in  selecting  chemicals  for  extensive 
assessment,  with  the  best  scientific  methods  of 
toxicology  and  epidemiology,  and  in  investing 
national  resources  in  their  sound  management. 
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Abstract 

Mycotoxins  induce  diverse  and  powerful  biological  effects  in  test  systems;  some  are  carcinogenic,  mutagenic, 
teratogenic,  estrogenic,  hemorrhagic,  immunotoxic,  nephrotoxic,  hepatotoxic,  dermotoxic,  and  neurotoxic.  Myco¬ 
toxins  have  been  unambiguously  linked  to  the  etiology  of  several  diseases  in  animals.  The  discovery  of  aflatoxins  in 
the  early  1960s  led  to  the  resurgence  of  interest  in  human  mycotoxicoses;  mycotoxins  are  now  recognized  as  causal 
factors  of  primary  liver  cancer,  ergotism  and  alimentary  toxic  aleukia.  The  fumonisins  and  ochratoxins  are 
suspected  of  playing  a  role  in  the  etiology  of  esophageal  cancer  and  Balkan  endemic  nephrotoxicity,  respectively. 

Keywords:  Mycotoxin;  Aflatoxin;  Mycotoxicosis;  Hepatocarcinogen 


1.  Introduction 


Mycotoxins  are  a  structurally  diverse  group  of 
mostly  small  molecular  weight  compounds,  pro¬ 
duced  by  the  secondary  metabolism  of  fungi,  are 
ubiquitous  in  a  broad  range  of  commodities  and 
feeds,  and  are  toxic  to  mammals,  poultry,  and 
fish.  In  structural  complexity,  mycotoxins  vary 
from  simple  C4-compounds,  e.g,  moniliformin,  to 
complex  substances  such  as  the  phomopsins  [1] 
and  the  tremorgenic  mycotoxins  [2]. 
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Mycotoxins  induce  powerful  and  dissimilar 
biological  effects.  Some  are  carcinogenic  (afla¬ 
toxins,  ochratoxins  and  fumonisins),  mutagenic 
(aflatoxins  and  sterigmatocystin),  teratogenic 
(ochratoxins),  estrogenic  (zearalenone),  hemor¬ 
rhagic  (trichothecenes),  immunotoxic  (aflatoxins 
and  ochratoxins),  nephrotoxic  (ochratoxins),  hep¬ 
atotoxic  (aflatoxins  and  phomopsins),  dermotoxic 
(trichothecenes)  and  neurotoxic  (ergotoxins, 
penitrems,  lolitrems  and  paxilline),  whereas 
others  display  antitumor,  cytotoxic,  and  antimi¬ 
crobial  properties.  The  human  ingestion  of  myco¬ 
toxins  is  due  to  the  consumption  of  the  myco¬ 
toxins  in  plant-based  foods  and  their  residues 
and  metabolites  in  animal-derived  foods,  e.g. 
aflatoxin  (AFMJ  in  milk.  Some  of  the  toxic 
effects  of  mycotoxins  are  consistent  with  the 
characteristic  symptoms  seen  in  a  number  of 
human  and  animal  diseases,  such  diseases  caused 
by  the  ingestion  of  mycotoxins  are  called 
mycotoxicoses. 
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The  impact  of  mycotoxins  on  health  depends 
on  the  amount  of  the  mycotoxin  consumed,  the 
toxicity  of  the  compound,  e.g.  acute  or  chronic 
(e.g.  carcinogenic)  effects,  the  body  weight  of  the 
individual,  the  presence  of  other  mycotoxins 
(synergistic  effects)  and  other  dietary  effects  [3]. 
Hsieh  [4]  maintained  that  all  of  the  following 
criteria  have  to  be  satisfied  to  link  a  mycotoxin  to 
a  specific  human  disease:  occurrence  of  the 
mycotoxin  in  food  supplies;  human  exposure  to 
the  mycotoxin;  correlation  between  exposure  and 
incidence;  reproducibility  of  the  characteristic 
symptoms  in  experimental  animals;  similar  mode 
of  action  in  human  and  animal  models. 

The  global  nature  of  the  mycotoxin  problem  is 
based  on  well-documented  human  mycotoxicoses 
such  as  ergotism  in  Europe,  alimentary  toxic 
aleukia  (ATA)  in  Russia,  acute  aflatoxicoses  in 
South  and  East  Asia,  and  human  primary  liver 
cancer  (PLC)  in  Africa  and  South  East  Asia. 
Ochratoxin  A  (OTA)  is  suspected  to  play  a  role 
in  Balkan  endemic  nephropathy  (BEN)  in 
Yugoslavia  and  chronic  interstitial  nephritis 
(CIN)  in  North  Africa. 

In  nature  most  cereal  grains,  oil  seeds,  tree 
nuts,  and  dehydrated  fruits  are  susceptible  to 
fungus  contamination  and  mycotoxin  formation. 
Under  laboratory  conditions  at  least  300  myco¬ 
toxins  have  been  produced  by  pure  cultures  of 
fungi  and  chemically  characterised.  Fortunately, 
only  about  20  mycotoxins  are  known  to  occur  in 
foodstuffs  at  significant  levels  and  frequency  to 
be  of  food  safety  concern.  These  toxins  are 
mainly  produced  by  5  genera  of  fungi:  Aspergil¬ 
lus,  Penicillium,  Fusarium,  Alternaria,  and 
Claviceps. 

The  mycotoxins  produced  by  these  fungi  are: 
Aspergillus  toxins,  aflatoxin  B,,  G1?  M,,  OTA, 
sterigmatocystin  and  cyclopiazonic  acid;  Penicil¬ 
lium  toxins,  patulin,  OTA,  citrinin,  penitrem  A 
(PA)  and  cyclopiazonic  acid;  Fusarium  toxins, 
deoxynivalenol,  nivalenol,  zearalenone,  T-2 
toxin,  diacetoxyscirpenol,  fumonisins  and 
moniliformin;  Alternaria  toxins,  tenuazonic  acid, 
alternariol  and  alternariol  methyl  ether; 
Claviceps  toxins,  ergot  alkaloids. 

Domestic  animals  are  more  frequently  exposed 
to  mycotoxins.  Some  mycotoxicoses,  e.g. 


lupinosis  and  diplodiosis  are  linked  to  the  inges¬ 
tion  of  feeds  contaminated  by  Phomopsis  leptos- 
tromiformis  and  Diplodia  maydis  (Stennocarpella 
maydis),  respectively. 


2.  Ergotoxins 

Ergotism  is  probably  the  oldest  known 
mycotoxicosis.  Human  outbreaks  associated  with 
Claviceps  purpurea  contamination  of  rye  flour 
were  widespread  in  central  and  northern  Europe 
in  the  Middle  Ages,  e.g.  the  epidemic  of  the  year 
944  in  Aquitaine  and  Limoges  in  France  which 
killed  40  000  people.  As  a  human  disease,  ergot¬ 
ism  has  almost  been  eliminated.  However,  there 
are  still  some  isolated  cases,  for  example  King 
reported  an  outbreak  of  ergotism  in  Wollo, 
Ethiopia,  affecting  close  to  150  people  [5].  In 
Wollo  the  causal  factors  seem  to  have  been  the 
preceding  prolonged  wet  season,  and  the  large 
amounts  of  wild  oats  (Avena  abyssinica )  growing 
with  the  barley. 

Two  characteristic  forms  of  ergotism  can  be 
distinguished  in  man,  namely  gangrenous  ergot¬ 
ism  and  convulsive  ergotism.  Many  of  the  victims 
of  gangrenous  ergotism  regarded  the  burning 
sensation  in  their  limbs  as  a  divine  punishment, 
and  it  was  described  as  the  Holy  Fire,  St.  An¬ 
thony’s  Fire  and  feu  sacre. 

Claviceps  sclerotia  contain  a  diverse  array  of 
chemicals  with  about  100  compounds  identified 
[6].  The  lysergic  acid  derivatives  are  subdivided 
into  simple  acid  amides  (e.g.  ergomitrine)  and 
peptides  which  are  further  subdivided  into  er- 
gotamine,  ergotixine  and  ergoxine  groups. 

3.  Aflatoxins 

The  epoch-making  discovery  during  1960  of 
the  aflatoxins,  a  group  of  closely  related  hepato- 
carcinogenic  bisdihydrofurano  metabolites,  pro¬ 
duced  by  certain  strains  of  Aspergillus  flavus  and 
Aspergillus  parasiticus ,  led  to  the  resurgence  of 
interest  in  all  aspects  of  mycotoxicology.  Afla¬ 
toxin  B  j  (AFB , )  is  the  most  carcinogenic  of  the 
aflatoxins;  it  is  the  most  commonly  occurring 
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aflatoxin  and  has  been  said  to  be  the  most  potent 
hepatocarcinogen  to  rats  and  mice.  AFMj  ex¬ 
creted  in  the  milk  of  lactating  cows  has  toxic 
properties  similar  to  AFBp  it  is  therefore  of 
great  public  concern,  particularly  to  young  chil¬ 
dren. 

The  potent  hepatocarcinogenicity  of  the  afla- 
toxins  led  to  extensive  studies  of  their  car¬ 
cinogenic  properties,  detailed  information  was 
obtained  on  their  world-wide  occurrence  in  foods 
and  feeds,  and  their  putative  role  as  causal 
factors  for  human  PLC.  The  liver  is  the  primary 
target  organ  in  different  animal  species,  however, 
tumors  of  other  organs  have  also  been  observed 
in  aflatoxin-treated  species  [7],  as  well  as  a  wide 
variation  in  sensitivity  between  and  within 
species.  The  close  response  relationships  be¬ 
tween  aflatoxin  exposure  and  human  liver  cancer 
rates  firmly  established  the  role  of  aflatoxin  in 
the  etiology  of  human  PLC  in  Africa  and  Asia 
[8].  I  ARC  declared  the  aflatoxins  in  1987  as 
human  carcinogens,  the  classification  was  con¬ 
firmed  by  re-evaluation  in  1992. 

The  need  to  control  aflatoxin  exposure  is 
based  on  2  major  concerns:  the  adverse  short- 
and  long-term  effects  of  aflatoxin-contaminated 
commodities  on  human  and  animal  health;  the 
presence  of  aflatoxin  residues  or  metabolites  in 
animal  tissues  and  milk  used  as  human  food. 

The  biological  properties  of  the  aflatoxins 
stimulated  intensive  research  directed  at  the 
elucidation  of  the  molecular  and  cellular  mecha¬ 
nism  by  which  the  carcinogenic  effects  are  in¬ 
duced.  AFBj  is  transformed  to  its  DNA  binding 
form  by  the  formation  of  the  cytochrome  P450" 
induced  epoxide  and  the  subsequent  reaction 
with  the  N7  position  of  guanine;  the  AFBrDNA 
adducts  are  useful  as  biomarkers. 


Mutations  in  the  nuclear  protein  p53,  a  tumor 
suppressor  gene,  were  used  in  exploring  the 
molecular  etiology  of  aflatoxin’s  role  in  hepato¬ 
cellular  carcinomas  (HCC).  Sterling  results  were 
obtained  in  studies  involving  patients  in  China 
[9]  and  South  Africa  [10];  mutations  were  ob¬ 
served  in  codon  249  of  the  p53  gene  of  the 
patients.  Virtually  all  the  mutations  resulted  from 
G-C  to  T-A  transversions  and  were  localised  at  a 
single  site  in  the  codon  (AGG  to  AGT).  The 
uniformity  of  the  nature  of  the  observed  base 
changes  and  their  similarity  to  the  mutations 
induced  by  AFBj  in  experimental  systems  sup¬ 
port  the  interpretation  that  the  tumors  in  pa¬ 
tients  may  result  from  exposure  to  aflatoxins. 
However,  Hsieh  et  al.  found  no  correlation 
between  the  mutation  at  codon  249  of  the  p53 
tumor  suppressor  gene  and  the  amount  of  afla¬ 
toxin  DNA  adducts  in  liver  tissue  [11].  Wogan 
[12]  maintained  that  the  available  evidence 
strongly  suggested  that  human  PLC  is  of  mul¬ 
tifactorial  etiology  with  probable  synergistic  in¬ 
teractions  between  exposure  to  viral  agents  (hep¬ 
atitis  B  and  C)  and  chemical  agents  such  as 
AFB1  in  populations  exposed  to  both.  Within  a 
population  group  differences  of  susceptibility 
exist  to  aflatoxin  carcinogenesis;  these  differ¬ 
ences  may  be  genetically  linked. 


4.  Ochratoxins 

The  ochratoxins  comprise  a  polyketide-derived 
dihydroisocoumarin  moiety  linked  via  its  12-car- 
boxyl  group  by  an  amide  bond  to  l-/3 -phenyl¬ 
alanine.  OTA  and  its  ethyl  ester  are  the  most 
toxic  compounds.  Ochratoxin  B  (OB),  the  de- 
chloro  derivative  of  OTA,  is  essentially  non¬ 
toxic. 

Aspergillus  species  are  associated  with  OTA 
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production  in  tropical  areas,  whereas  OTA- 
producing  Penicillium  species  thrive  and  can 
produce  OTA  in  a  colder  climate  with  tempera¬ 
tures  as  low  as  5°C.  OTA  became  regarded  as  a 
very  important  mycotoxin  since  it  plays  a  major 
role  in  the  nephropathy  occurring  in  swine  (Dan¬ 
ish  porcine  nephropathy)  and  poultry. 

The  occurrence  of  OTA  in  several  plant  and 
animal  products  has  been  extensively  reported. 
OTA  contamination  is  typically  associated  with 
grain  stored  in  the  temperate  climate  of  Europe 
and  North  America.  The  kidneys  are  the  organs 
most  susceptible  to  OTA;  it  can  cause  both  acute 
and  chronic  kidney  lesions.  OTA  principally  acts 
on  the  first  part  of  the  proximal  tubules  in  the 
kidney  and  induces  a  defect  in  the  anion  trans¬ 
port  mechanism  on  the  brush  border  of  the 
proximal  convoluted  tubular  cells  and  basolateral 
membranes  [13].  In  addition,  the  immunotoxic, 
carcinogenic  and  teratogenic  effects  of  OTA  are 
well  established. 

The  vast  difference  in  the  toxicity  and  hy¬ 
drolysis  rates  of  OTA  and  OB  remained  a 
significant  challenge.  We  therefore  studied  the 
conformations  of  OTA  and  OB  in  the  solid  and 
solution  state.  Both  compounds  crystallise  in  the 
space  group  P2(  [14].  Only  minor  differences 
were  observed  for  the  torsional  angles  of  the 
side-chain  and  no  significant  differences  in  bond 
lengths  and  angles  were  observed  for  these  2 
toxins.  IR  and  NMR  spectroscopic  studies  of 
OTA  and  OTB  also  point  to  the  same  conforma¬ 
tion;  the  conundrum  related  to  the  difference  in 
toxicity  remains  unresolved. 

There  is  increasing  epidemiological  evidence 
that  OTA  is  related  to  BEN  and  urinary  tract 
tumors  (UTT)  in  humans,  predominantly  ob¬ 
served  in  females  showing  an  extreme  geographic 
and  familial  aggregation  [15].  Much  attention  is 
currently  directed  to  the  significantly  higher 
frequencies  of  CIN  in  a  North  African  popula¬ 
tion  (Tunisia)  and  the  possible  role  of  high  levels 
of  OTA  in  the  disease.  The  similarity  between 
the  clinical  symptoms  of  some  Tunisian  patients 
with  CIN  and  those  with  BEN  warranted  a  closer 
scrutiny  for  the  possible  role  of  OTA.  In  Tunisia 
the  elevated  blood  OTA  levels  were  linked  to 
CIN  [16]  (RH.  Bach,  pers.  commun.),  in  which 


case  95%  of  the  people  suffering  from  nephro¬ 
pathy  are  OTA  positive  with  blood  concentra¬ 
tions  higher  than  90  ng/ml  in  several  cases. 

5.  Trichothecenes 

The  trichothecenes  comprise  a  group  of  closely 
related  mycotoxins  called  sesquiterpenoids .  All 
the  naturally  occurring  toxins  contain  an  olefinic 
bond  at  C-9,10  and  an  epoxy  group  at  C-12,13.; 
the  latter  characterises  them  as  12,13-epoxy- 
trichothecenes.  Dangerous  levels  of  tri- 
chothecene  mycotoxins  can  occur  in  mouldy 
grains,  cereals  and  agricultural  products  [17].  The 
tricho  thecenes  are  produced  by  various  species 
of  Fusarium,  Tricho  derma,  Cephalosporium,  Ver- 
tici  monisporium  and  Stachybotrys. 

The  genus  Fusarium  contains  important  myco- 
toxin-producing  species  [18].  Toxinogenic  fusaria 
have  been  implicated  in  human  health  diseases 
such  as  ATA  [19],  Kashin-Beck  disease,  akakabi- 
byo  (scabby  grain  intoxication)  and  esophageal 
cancer,  as  well  as  in  a  number  of  animal  diseases 
such  as  skin  toxicity,  bone  marrow  damage, 
haemorrhagic  and  estrogenic  syndrome  (zeara- 
lenone),  and  equine  leukoencephalomalacia 
(ELEM,  fumonisins). 

Over  the  period  1942-1947  more  than  10%  of 
the  population  in  the  Orenburg  district,  close  to 
Siberia,  were  fatally  affected  by  consuming  over¬ 
wintered  millet,  wheat  and  barley.  Wannemacher 
et  al.  [20]  and  Yagen  et  al.  [19]  reported  that  a 
disease  whose  symptoms  are  similar  to  those  of 
ATA  were  in  fact  reported  in  Russia  from  the 
beginning  of  the  19th  century.  ATA  has  become 
associated  with  the  consumption  of  food  made 
from  grain  which  remained  unharvested  under 
snow  and  became  mouldy  from  contamination 
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with  a  variety  of  micro-organisms.  Symptoms  of 
ATA  include  vomiting,  diarrhoea,  skin  inflam¬ 
mation,  leukopenia,  multiple  haemorrhage,  ne¬ 
crotic  angina,  sepsis  and  exhaustion  of  bone 
marrow.  Yagen  et  al.  concluded  that  the  tri- 
chothecene  my  cotoxin,  T-2  toxin,  was  respon¬ 
sible  for  an  ATA-like  syndrome  in  cats. 

Sapa-Associated  Press  (February  19,  1993) 
reported  that  poisoned  wheat  had  killed  24 
people  and  was  threatening  thousands  more  in 
war-torn  southern  Tajikistan.  It  was  possible  that 
the  ‘tainted  wheat’  referred  to  mould-spoiled 
wheat,  and  that  humans  were  dying  from  tri- 
chothecene-related  mycotoxicoses. 


6.  Tremorgenic  mycotoxins 

An  inspection  of  the  structures  of  various 
mycotoxins  reveals  nitrogen  to  be  a  fairly  com¬ 
mon  constituent.  In  case  of  viridicatumtoxin  and 
the  fumonisins  the  nitrogen  moiety  is  most  likely 
derived  from  an  ammonia  source.  The  role  of 
amino  acids  in  the  biosynthesis  of  the  cyto- 
chalasins,  chaetoglobosins,  rhizonin  A  and 
phomopsin  A  is  evident  [21]. 

Tryptophan  (Trp)  is  a  common  constituent  of 
many  secondary  metabolites,  several  affecting 
the  central  nervous  systems,  such  as  the  ergot 
alkaloids.  Trp  is  the  biogenetic  precursor  of  the 
cyclopiazonic  acids  [22],  tremorgenic  substances 
such  as  fumitremorgens  A  and  B  [23]  and  ver- 
ruculogen  [24].  In  the  structurally  related  metab¬ 
olites,  the  brevianamides  and  austamides  [25], 
Trp  and  proline  contribute  the  dioxopiperazine 
part  of  the  molecules.  Trp  is  again  a  building 
block  of  the  tetrapeptide  metabolites,  the 
tryptoquivalines,  which  contain  in  addition  anth- 
ranillic  acid,  valine  and  methylalanine.  L-Trp  and 
L-histidine  are  the  precursors  of  the  diox- 
opiperazines,  oxaline  [26]  and  roquefortine  [27], 
metabolites  of  Penicillium  oxalicum  and  Penicil- 
lium  roqueforti,  respectively.  Roquefortine,  a 
compound  which  affects  the  central  nervous 
system,  is  also  produced  by  Penicillium  camem- 
berti  and  is  as  such  a  frequent  contaminant  of 
some  cheeses. 

We  approached  the  structural  elucidation  of 


PA  in  a  concerted  manner  by  the  simultaneous 
application  of  physical  techniques  (very  high- 
field  NMR  spectroscopy,  UV  spectroscopy,  CD 
and  mass  spectrometry)  and  biosynthetic  studies, 
and  employed  the  principles  of  biosynthetic 
architecture  throughout  the  structural  studies  [2]. 

A  brief  survey  of  the  structural  properties  of 
the  fungal  tremorgens,  namely  penitrems,  janthi- 
trems,  lolitrems,  aflatrem,  paxilline,  paspaline, 
paspalicine,  paspalinine  and  paspalitrems  A  and 
B,  reveals  their  close  biogenetic  relationship.  In 
the  case  of  aflatrem  and  paspalitrems  A  and  B,  a 
C5  unit  is  attached  to  the  paspaline-type  struc¬ 
ture  [2]. 


7.  Fumonisins 

The  ubiquitous  fungus,  Fusarium  moniliforme 
Sheldon,  a  common  contaminant  of  corn 
throughout  the  world,  has  been  implicated  in 
various  animal  and  human  diseases  [28],  owing  to 
its  toxicity  and  carcinogenicity  [29]. 

Contamination  of  corn  with  F.  moniliforme 
has  been  associated  with  human  esophageal 
cancer  in  the  Transkei  part  of  Southern  Africa 
[30],  and  in  China  [31],  as  well  as  with  field 
outbreaks  of  ELEM  in  many  countries  such  as 
Egypt,  South  Africa  and  the  United  States  of 
America  [28]  and  pulmonary  oedema  in  swine 
[32].  ELEM  is  a  fatal  neurological  disease  of 
horses,  characterised  by  liquefactive  necrosis  of 
the  white  matter  of  the  brain.  ELEM  has  been 
experimentally  induced  in  horses  by  either  sup¬ 
plementing  their  diets  with  F  moniliforme- con¬ 
taminated  corn  or  by  the  oral  administration  of 
fumonisin  Bt  (FB^,  a  toxin  produced  by  F. 
moniliforme  [33]. 

The  health  importance  of  F.  moniliforme  ne¬ 
cessitated  concerted  efforts  to  isolate  and  char¬ 
acterise  the  toxins  involved,  as  well  as  the  de¬ 
velopment  of  analytical  methodology  to  assess 
the  level  of  contamination  of  natural  foods  and 
feeds  by  the  toxin(s).  Earlier  studies  led  to  the 
isolation  of  moniliformin  and  the  fusarins  [34]. 
Cawood  et  al.  [35]  developed  an  excellent  meth¬ 
od  for  the  quantitative  isolation  of  the 
fumonisins  FB,,  FB2  and  FB3.  The  availability  of 
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the  fumonisins  enabled  researchers  to  study  their  volved  application  of  liquid  secondary  ion  mass 

unique  biological  properties.  Alberts  et  al.  [36]  spectrometry  of  tetramethylfumonisin  A,  to  give 

developed  technology  for  the  production  of  a  protonated  molecular  ion  at  m/z  820  (M  + 

[14C]FBj.  Fumonisin  levels  in  food  are  statistical-  H)+.  The  interpretation  of  data  from  !3C  NMR 

ly  associated  with  an  increased  risk  of  human  spectra  of  tetramethylfumonisin  A,  led  to  a 

esophageal  cancer  in  the  Transkei  [37].  suggested  empirical  formula  of  C40H69NO16  for 

The  structural  analysis  of  the  fumonisins  in-  tetramethylfumonisin  A,;  acetylation  of  this  sub- 
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stance  gave  a  triacetate  C46H75N019  (M+945). 
Basic  hydrolysis  of  this  compound  gave  a  neutral 
nitrogen-containing  substance  and  propane-1, 2, 3- 
tricarboxylic  acid.  FBj  and  FB2  were  isolated  by 
using  a  cancer  promotion  bio-assay  [29],  and 
were  identified  by  detailed  application  and  analy¬ 
sis  of  MS,  !H  and  13C  NMR  data.  The  C-10 
hydroxy  group  of  FB,  is  replaced  by  a  hydrogen 
atom  in  FB2. 

CH-,  CH3 

I  '  I 

CH^-(CH,)’-CH-CH-CH-CH,-CH-CH2-CH-(CH2)4.CH-CH2-CH-CH-CH3 

II  I  I  I  1 

OR1  OR1  R2  R3  0HNH> 

Fumonisin  B,:  R1  =  COCH2CH(C02H)CH2C02H,  R2  =  OH,  R3  =  OH 
Fumonisin  B2:  R1  =  C0CH2CH(C02H)CH2C02H,  R2  =  H,  R3  =  OH 
Fumonisin  B3:  Rl  =  C0CH2CH(C02H)CH2C02H,  R2  =  OH,  R3  =  H 

Chemical  structures  of  fumonisins  B,,  B2  and  B3 


Analytical  methods  have  been  developed  to 
monitor  FB  ,  contamination  in  various  matrices, 
particularly  corn  and  animal  feeds  [38-40]. 
Shephard  et  al.  [41]  developed  an  HPLC  method 
for  the  analysis  of  the  FB,  and  FB2.  It  was  the 
subject  of  a  recently  completed  IUPAC  col¬ 
laborative  study  in  which  the  reproducibility 
characteristics  of  the  method  were  assessed  [42]. 
Shephard  et  al.  [43]  developed  technology  for  the 
liquid  chromatographic  determination  of  the 
mycotoxin  FB2  in  physiological  samples.  The 
method  was  applied  to  the  determination  of  the 
fate  of  FB ,  dosed  to  rats  by  gavage;  of  the  dose 
given  to  the  animals,  over  90%  was  recovered 
unmetabolised  in  the  faeces  within  48  h. 

Shephard  et  al.  [44]  studied  the  distribution 
and  excretion  of  a  single  dose  of  the  mycotoxin 
[14C]FB,  in  a  non-human  primate.  The  tox- 
icokinetic  data  generated  by  the  i.v.  injection  of 
FB,  showed  that  the  elimination  of  FB,  from  the 
plasma  of  monkeys  can  be  characterised  by  an 
initial  distribution  phase  followed  by  an  elimina¬ 
tion  phase  with  a  mean  half-life  of  40  min.  The 
rapid  elimination  of  FB  x  and  the  absence  in  the 
plasma  of  a  major  metabolite  implies  that  direct 
measurement  of  FB1  or  its  metabolites  in  blood 
will  not  be  suitable  to  assess  the  extent  of 
fumonisin  exposure  in  animals  and  humans. 
Gelderblom  et  al.  [45]  used  a  short-term  rat  liver 


cancer  initiating /promoter  model  to  monitor  the 
cancer-initiating  activity  of  FB,,  FB2  and  FB3  as 
well  as  the  N-acetyl  derivatives  of  FB,  and  FB2 
and  their  respective  hydrolysis  products,  the 
polyols.  They  concluded  that  the  intact  molecule 
and  the  presence  of  a  free  amino  group  de¬ 
termined  the  carcinogenic  activity  of  the 
fumonisins. 

The  fumonisins  occur  in  many  countries  in  a 
wide  variety  of  corn-based  matrices  at,  on  occa¬ 
sions,  relatively  high  concentrations.  These  data 
coupled  with  the  toxicological  evidence  suggest 
that  the  fumonisins  pose  a  potential  threat  to 
both  animals  and  humans  [39]. 


8.  Future  challenges 

The  identification  of  the  toxins  elaborated  by 
Stennocarpella  maydis ,  the  study  of  their  bio¬ 
logical  effects,  and  their  natural  occurrence  re¬ 
main  one  of  the  great  challenges  in  mycotoxicol- 
ogy.  Infestation  of  corn  (maize)  grain  and  cobs 
by  this  fungus  is  highly  prevalent  in  Africa.  Corn 
infected  with  this  fungus  is  toxigenic  to  cattle, 
sheep,  goats  and  poultry:  in  sheep  and  cattle 
diplodiosis  is  characterised  by  ataxia,  paresis, 
salivation  and  constipation  [46]. 

The  potential  danger  to  humans  of  corn  con¬ 
taminated  with  S.  maydis  was  accentuated  by  the 
findings  of  Fincham  et  al.  [47]  that  addition  of  S. 
maydis- infected  corn  (pure  culture)  to  the  food 
of  omnivorous  primates  led  to  demyelination  of 
nerves,  atrophy,  degeneration  and  necrosis  of 
muscle  and  hepatitis.  Steyn  et  al.  [48]  reported 
the  discovery  of  diplodiatoxin,  however,  this 
compound  is  essentially  non-toxic.  Ackerman  et 
al.  [49]  reported  from  cultures  of  this  toxinogenic 
fungus,  2R,3S,5R-trihydroxyhexadecanoic  acid, 
the  fatty  acid  and  its  5-lactone  apparently  con¬ 
tribute  to  the  toxicity  of  the  fungal  culture. 
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The  fumonisins  are  an  important  group  of 
mycotoxins  owing  to  their  world-wide  occurrence 
in  corn  (maize)  and  corn  products  and  their 
potent  (carcinogenic)  properties.  Corn  is  an  im¬ 
portant  human  staple  food,  particularly  in  Africa 
-  detailed  studies  on  the  toxicological  effects  of 
the  fumonisins  remain  a  top  priority. 

The  biosynthesis  of  the  aflatoxins  was  studied 
in  great  detail.  However,  very  little  progress  was 
made  in  controlling  the  production  of  aflatoxin 
under  natural  agricultural  conditions.  The  great¬ 
est  challenge  to  plant  breeders  should  be  the 
development  of  cultivars  resistant  to  infection  by 
toxinogenic  fungi. 
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Abstract 

Mycotoxins  are  naturally  occurring  toxic  secondary  metabolites  of  fungi  that  may  be  present  in  food  products. 
Several  mycotoxins  have  been  associated  with  and  implicated  in  human  and  animal  disease.  Mycotoxins  encompass 
a  wide  spectrum  of  different  chemicals  and  they  may  affect  many  target  organs  and  systems,  notably  the  liver, 
kidney,  the  nervous  system,  the  endocrine  system,  and  the  immune  system.  Much  of  our  concern  is  about  chronic 
effects  ' at  low  levels  of  exposure,  and  several  mycotoxins  have  been  classified  by  the  International  Agency  for 
Research  in  Cancer  as  human  carcinogens  or  potential  human  carcinogens.  Although  these  toxicants  can  never  be 
completely  removed  from  the  food  supply,  it  is  possible  through  risk  assessment  to  define  levels  that  are  unlikely  to 
be  of  health  concern.  Ideally  the  risk  assessment  involves  a  complete  toxicological  assessment,  an  epidemiologica 
assessment  and  an  exposure  assessment.  However,  in  the  risk  management  of  mycotoxins  it  may  be  deemed 
necessary  to  take  action  before  all  this  information  is  available.  In  this  presentation  recent  risk  management  of  the 
fumonisins  will  be  compared  with  the  situation  for  aflatoxins. 

Keywords:  Mycotoxins;  Risk  assessment;  Fumonisins;  Aflatoxins;  Carcinogenicity 


1.  Introduction 

Mycotoxins  are  fungal  metabolites  whose  pres¬ 
ence  in  feed  and  food  crops  cannot  be  complete¬ 
ly  avoided.  Their  presence  can  sometimes  be 
reduced  by  making  improvements  in  farming 
practices,  such  as  by  modifying  seeds,  providing 
better  storage  conditions,  or  by  manufacturing 
processes.  Surveys  of  food  grains  and  food  prod¬ 
ucts  conducted  in  Canada  have  shown  the  pres¬ 
ence  of  low  levels  of  several  mycotoxins,  such  as 
aflatoxins,  ochratoxin  A,  zearalenone,  tri- 
chothecenes,  patulin,  ergot  alkaloids,  and  recent¬ 
ly  the  fumonisins.  To  find  out  whether  small 
amounts  of  mycotoxins  might  pose  a  health  risk 


to  humans,  one  has  to  perform  risk  assessments, 
which  look  at  the  significance  of  human  exposure 
to  mycotoxins  in  terms  of  their  toxicity  or  haz¬ 
ard. 

Mycotoxins  can  be  considered  ‘natural’  con¬ 
taminants.  The  principles  applied  to  the  hazard 
and  risk  assessment  of  mycotoxins  are  similar 
to  those  used  for  other  chemical  substances  in 
the  food  supply,  and  were  recently  reviewed 
[1].  There  is  no  evidence  that  humans  have 
adapted  to  the  presence  of  these  natural  chemi¬ 
cal  substances  in  food  any  more  than  to  the 
presence  of  man-made  chemicals,  such  as  pes¬ 
ticides  or  other  food  chemical  contaminants. 
Many  of  the  mycotoxins  have,  in  fact,  been  the 
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cause  of  or  have  been  associated  with  human 
and  animal  diseases. 

For  the  risk  assessment,  the  results  of  the 
exposure  assessment  (estimated  probable  daily 
intake  or  PDI)  are  compared  with  the  hazard 
assessment  (estimated  tolerable  daily  intake 
(TDI)  or  equivalent)  to  indicate  the  degree  of 
concern.  There  are  many  uncertainties  in  both 
the  exposure  assessment  and  the  hazard  assess¬ 
ment,  which  can  therefore  greatly  influence  the 
overall  risk  assessment  [1,2].  Of  necessity,  regula¬ 
tory  risk  assessments  tend  to  err  on  the  side  of 
safety,  until  scientific  data  gaps  have  been  re¬ 
solved,  and  our  understanding  of  the  issues  has 
improved.  Thus  the  actual  health  risks,  as  a  result 
of  lifetime  exposure  to  mycotoxins,  are  likely  to 
be  somewhat  less  than  estimated.  The  risk  assess¬ 
ment,  therefore,  represents  a  status  document 
that  needs  to  be  updated  as  new  data  and  new 
methods  of  extrapolating  these  data  become 
available. 

In  Canada,  when  the  estimated  PDI  of  a 
mycotoxin  exceeds  its  TDI,  steps  may  be  taken, 
under  the  authority  of  the  Canadian  Food  and 
Drugs  Act,  to  reduce  the  intake  of  that  myco¬ 
toxin.  These  may  range  from  completely  remov¬ 
ing  the  offending  food  from  the  market  place  to 
the  establishing  of  tolerances  (listed  under 
schedule  B-01-046  of  the  Food  and  Drugs  Act 
and  Regulations  [3],  and  legally  enforcable)  or 
interim  guideline  levels  (not  listed  in  the  Food 
and  Drugs  Act  and  Regulations,  indicating 
Health  Canada’s  interpretation  of  article  4a  of 
the  Act).  Such  actions  limit  the  amount  or  level 
of  the  mycotoxin  that  can  be  tolerated  in  the  raw 
food  crop  or  in  a  finished  food.  Analytical 
methods  have  to  be  available  to  ensure  com¬ 
pliance  with  a  tolerance  or  a  guideline  level. 
Government  regulations  or  guidelines  for  myco¬ 
toxins  exist  only  with  respect  to  aflatoxins  and 
deoxynivalenol.  In  general,  no  tolerances  or 
guideline  levels  have  been  adopted  if  the  levels 
of  mycotoxins  in  the  food  are  consistently  low,  as 
measured  through  monitoring  of  food  products, 
and  have  not  been  identified  as  a  reason  for 
health  concern. 

Similarly,  to  limit  the  indirect  intake  of  myco¬ 


toxins,  tolerances  may  be  set  for  the  maximum 
levels  of  mycotoxins  that  can  be  allowed  in  feed, 
to  ensure  negligible  residues  of  mycotoxins  and 
their  metabolites  in  animal-derived  food  prod¬ 
ucts  [4].  These  tolerances  may  be  restricted  to 
certain  types  of  livestock  (e.g.  dairy  versus  beef 
cattle;  layer  versus  broiler  chickens).  In  the 
United  States,  where  aflatoxin-contaminated 
feed  has  been  a  problem,  it  was  found  difficult  to 
ensure  adherence  to  the  restrictions  for  different 
livestock  species. 

The  presence  of  mycotoxins  in  food  and  feed 
commodities  is  related  to  climatic  and  other 
growth-related  factors  that  influence  the  product¬ 
ion  of  these  secondary  metabolites  by  the  fungi. 
Thus  there  are  considerable  differences  between 
various  regions  of  the  world  as  well  as  year-to- 
year  fluctuations  within  countries.  There  are  also 
considerable  differences  between  countries  and 
even  within  countries  with  regard  to  the  intake  of 
food  commodities,  thus  making  exposure  assess¬ 
ments  and  therefore  risk  assessments  country 
specific.  Furthermore,  because  of  considerations 
of  other  factors  such  as  economic  costs  associ¬ 
ated  with  lowering  levels  of  mycotoxins,  interna¬ 
tional  trade  aspects  and  what  risks  are  consid¬ 
ered  tolerable,  there  are  wide  differences  be¬ 
tween  countries  in  the  risk  management,  includ¬ 
ing  legislation,  of  mycotoxins.  The  various  toler¬ 
ances  and  guideline  levels  in  effect  for  myco¬ 
toxins  have  been  discussed  [5]. 

In  North  America,  the  emphasis  in  recent 
years  has  been  on  less  regulation  or  deregulation, 
and  it  is  in  this  climate  that  any  proposals  for  the 
risk  management  of  natural  toxicants  such  as 
mycotoxins  need  to  be  viewed.  At  the  same  time, 
there  has  been  an  increasing  reliance  on  formal 
risk  assessments  to  justify  any  proposed  actions, 
or  to  identify  important  data  gaps  before  taking 
action  [6,7].  Nevertheless,  risk  management  is 
necessary  and  possible  when  the  perceived  health 
concerns  are  considerable,  even  if  the  database  is 
not  complete.  In  this  paper  the  recent  interim 
risk  assessment  and  risk  management  of 
fumonisins  [8]  will  be  compared  with  the  earlier 
risk  management  of  aflatoxins,  which  at  present 
is  undergoing  review  internationally. 
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2.  Aflatoxins 

Concern  about  the  potential  hazards  posed  by 
dietary  aflatoxins  started  in  the  1960s  after  some 
100  000  turkey  poults  in  Great  Britain  died  as  a 
result  of  aflatoxin  exposure  from  their  feed  (for  a 
review  see  [9]).  When  it  became  evident  that 
aflatoxin  exposure  caused  cancer  in  many 
species,  most  countries,  including  Canada,  estab¬ 
lished  various  regulations  for  aflatoxin  levels 
(either  total  aflatoxins  or  for  aflatoxin  BJ  in 
food  and/or  feed  in  order  to  limit  exposure  to 
this  group  of  mycotoxins  [5].  These  initial  regula¬ 
tions  on  aflatoxins  were  not  based  on  the  deriva¬ 
tion  of  a  TDI,  but  rather  on  a  desire  to  keep 
levels  as  low  as  technologically  feasible  (basis  for 
regulations  in  some  countries),  or  ‘free’  of  afla¬ 
toxins  by  not  allowing  residues  above  the  ana¬ 
lytical  detection  limit  (basis  for  regulations  in 
some  other  countries).  The  early  prudent  actions 
regarding  aflatoxins  by  governments  have  been 
justified,  since  aflatoxin  (AFB^  has  been 
found  to  be  a  potent  genotoxic  agent  and  car¬ 
cinogen  in  many  test  systems  and  animal  species. 
In  the  rat,  development  of  hepatocellular  car¬ 
cinoma  is  preceded  by  the  formation  of  liver  foci 
and  hyperplastic  nodules  [10].  Two  of  its  metabo¬ 
lites,  aflatoxin  M,  and  aflatoxicol  are  also  car¬ 
cinogenic.  Furthermore,  epidemiological  studies 
have  shown  an  association  between  dietary  afla¬ 
toxin  exposure  and  the  high  incidence  of  primary 
liver  cancer  (PLC)  in  a  number  of  African  and 
South  East  Asian  countries.  The  earlier  studies 
were  population-based  (correlational,  ecological) 
studies  and  only  considered  exposure  to  AFBt. 
More  recent  studies  have  included  an  examina¬ 
tion  of  the  role  of  other  factors,  such  as  hepatitis 
B  virus  (HBV)  infection  [11].  Overall,  recent 
studies  indicate  that  HCC  has  a  multifactorial 
etiology,  in  which  HBV,  AFB } ,  alcohol  consump¬ 
tion,  smoking,  and  other  environmental  risk 
factors  can  all  play  a  role  [12].  Although  there 
are  additional  risk  factors,  such  as  HBV  infec¬ 
tion,  which  may  effect  development  of  PLC,  the 
strength  and  consistency  of  the  epidemiological 
data  indicate  that  AFB!  is  a  probable  human 
carcinogen.  This  view  is  consistent  with  the 


opinion  expressed  by  the  International  Agency 
for  Research  on  Cancer  which  concluded  in  1987 
that  there  is  ‘sufficient’  evidence  for  the  car¬ 
cinogenicity  of  aflatoxins  to  humans  [13].  This 
classification  indicates  that  in  the  opinion  of  the 
IARC  Working  Group  a  positive  relationship  has 
been  observed  between  exposure  to  aflatoxins 
and  human  liver  cancer,  in  which  chance,  bias 
and  confounding  factors  could  be  ruled  out  with 
reasonable  confidence.  Even  when  causality  has 
been  adequately  determined,  uncertainties  re¬ 
main  regarding  the  quantitative  aspects  of  the 
dose  response  curve,  especially  at  low  doses,  and 
in  the  presence  or  absence  of  other  risk  factors. 
Analytical  epidemiological  studies  (case-control 
and  cohort)  to  better  define  the  no-observed- 
adverse-effect  level  (NOAEL)  in  humans  are 
ongoing.  In  these  studies,  exposure  to  both  AFB  L 
(based  on  intake  ‘at  the  plate’  and  an  analysis  of 
serum  and  urinary  biomarkers)  and  HBV  (based 
on  HBsAg-carrier  status)  and  disease  outcome 
are  determined  at  the  level  of  the  individual 
[14-17]. 

Because  it  is  a  genotoxic  carcinogen,  most 
agencies,  including  the  Joint  Expert  Committee 
on  Food  Additives  (JECFA)  and  the  US  Food 
and  Drug  Administration,  have  not  set  a  TDI  for 
AFB!.  Assuming  there  is  a  threshold  for  non- 
genotoxic  carcinogens,  and  based  on  a  safety 
factor  approach,  many  agencies  only  estimate 
TDIs  for  those  substances.  In  the  risk  manage¬ 
ment  of  genotoxic  carcinogens,  no  threshold  is 
presumed  and  it  is  recommended  that  levels  of 
such  substances  should  be  as  low  as  technologi¬ 
cally  feasible.  However,  it  is  important  to  give 
some  guidance  to  the  industry  as  to  what  levels 
they  should  aim  for  in  setting  technologically 
feasible  limits.  Because  there  is  at  present  much 
debate  about  the  varying  mechanisms  of  action 
of  non-genotoxic  carcinogens  and  whether  there 
are  ultimately  real  differences  in  the  health 
significance  between  these  genotoxic  and  non- 
genotoxic  carcinogens,  we  have  used  the  term 
TDI  in  a  broader  sense.  Thus  we  do  not  use  this 
term  only  as  the  end  point  of  a  NOAEL/safety 
factor  approach  for  non-genotoxic  carcinogens  or 
for  other  non-carcinogenic  endpoints,  but  we 
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have,  on  occasion,  also  used  it  for  genotoxic 
carcinogens.  For  this  latter  group  we  may  use 
mathematical  modelling,  and  determine  the  dose 
that  is  considered  to  pose  a  neglible  risk  to 
health,  usually  at  a  risk  level  of  10 “5,  or  other 
approaches  of  extrapolation  such  as  using  larger 
safety  factors.  Since  many  of  the  models  are 
linear  at  low  doses,  the  2  approaches  converge 
(at  a  risk  level  of  10 ~5)  when  applying  a  safety 
factor  of  5000  to  a  NOAEL  or  a  statistically 
derived  NOEL,  such  as  a  NEL  or  a  Benchmark 
Dose  [2].  Thus,  based  on  the  epidemiological 
data  obtained  in  certain  Asian  and  African 
countries,  where  the  consumers  may  in  addition 
be  exposed  to  HBV  infection,  the  estimated  TDI 
for  AFBP  at  a  cancer  risk  level  of  10  ”5,  ranges 
from  0.11  to  0.19  ng/kg  body  wt./day  [17].  In  the 
absence  of  endemic  HBV  infection,  this  range 
would  probably  be  about  1  order  of  magnitude 
higher,  but  cannot  be  estimated  more  precisely 
from  the  presently  available  epidemiological 
data.  Some  other  (possible)  risk  factors  for  PLC 
are  alcohol  intake,  smoking,  nutritional  status, 
fumonisins  in  the  diet  and  microcystins  in  the 
drinking  water.  It  has  not  yet  been  possible  to 
include  the  contribution  of  these  other  positive 
or  possible  negative  risk  factors. 

Overall,  the  exposure  to  afiatoxins  in  Canada 
is  one  of  the  lowest  in  the  world,  and  was 
estimated  to  be  between  1  and  2  ng/kg  body 
wt./day  for  1-11-year  old  children  eating 
peanuts  or  peanut  butter  [1,2].  Other  age  groups 
of  Canadians  have  an  even  lower  intake  of 
AFBp  The  maximal  intake  estimate  is  about 
10-fold  higher  than  the  estimated  TDI,  but  since 
HBV  infection  is  not  endemic  in  Canada,  the 
estimated  intake  of  afiatoxins  is  unlikely  to  pose 
a  health  hazard.  In  Canada,  a  tolerance  of  15 
ng/g  (total  afiatoxins)  for  nuts  and  nut  products 
is  in  effect  [3],  but  this  is  at  present  under  review. 
The  tolerance  for  afiatoxins  was  set  with  respect 
to  analytical  methods  available  in  1976,  and  to 
levels  which  were  technically  achievable  at  that 
time.  Since  compliance  to  this  tolerance  is  en¬ 
forced  by  the  Health  Protection  Branch  (HPB), 
there  is  little  likelihood  that  the  Canadian  popu¬ 
lation  is  subjected  to  peak  exposure  levels  that 
significantly  exceed  the  tolerance  in  those  prod¬ 


ucts.  In  fact,  HPB  monitoring  data  (1985-1987) 
indicate  that  on  average  the  level  of  AFB,  in 
commercial  peanut  butter  is  1.62  ng/g.  Under  the 
auspices  of  Codex  alimentaris,  discussions  are 
ongoing  internationally  as  to  whether  Codex  will 
recommend  that  the  tolerances  for  nuts  and  nut 
products  should  be  reduced  now  that  technologi¬ 
cally  lower  limits  may  be  feasible  and  analytical 
detection  limits  have  been  reduced. 


3.  Fumonisins 

The  fumonisins,  a  group  of  mycotoxins,  pro¬ 
duced  by  Fusarium  moniliforme  and  certain 
other  Fusarium  species,  have  recently  been  iso¬ 
lated  and  chemically  characterized.  Our  program 
on  the  risk  assessment  of  the  fumonisins  is  part 
of  an  international  effort  to  understand  more 
about  these  toxins  and  to  assess  whether  the 
levels  of  fumonisins  found  in  foods  pose  a  health 
risk,  and  whether  guideline  levels  need  to  be 
established;  the  following  summary  is  based  on  a 
recent  evaluation  [8]. 

The  presence  of  F.  moniliforme  in  feed  has 
been  related  to  at  least  2  diseases  in  livestock 
that  have  a  high  fatality  rate.  The  first  disease  is 
equine  leukoencephalomalacia  (ELEM),  a  dis¬ 
ease  which  affects  the  liver  and  brain  of  horses, 
and  which  is  known  to  have  occurred  in  South 
Africa,  the  USA,  Australia,  Brazil,  and  else¬ 
where.  The  second  disease  is  porcine  pulmonary 
edema  (PPE),  a  disease  which  affects  the  lungs, 
liver  and  kidneys  of  swine  and  which  is  known  to 
have  occurred  in  the  USA.  It  has  been  possible 
to  produce  both  of  these  diseases  experimentally 
with  pure  fumonisin  B!  (FBJ.  F.  moniliforme 
also  appears  to  play  a  role  in  the  development  of 
esophageal  cancer  in  some  parts  of  the  world. 

Considerable  information  is  available  on  the 
mechanism  of  action  of  the  fumonisins  [18,19]. 
With  the  availability  of  increased  quantities  of 
pure  fumonisins,  several  subchronic  toxicity 
studies,  designed  to  establish  dose  response 
characteristics  in  rodents  have  now  been  com¬ 
pleted,  both  in  our  labs  and  elsewhere.  FBj  was 
found  to  be  carcinogenic  in  the  rat,  although 
there  are  shortcomings  in  the  study  [20],  It  was 
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not  found  to  be  genotoxic.  Studies  with  radio- 
labelled  FB,  in  pigs  suggest  an  accumulation  of 
residues  in  liver  and  kidney.  The  liver  has  been 
found  to  be  a  target  in  most  species,  and  the 
extent  of  damage  is  dose,  duration  and  species 
specific.  In  many  species  (pig,  rodent)  the  kidney 
is  also  involved.  Since  FB,  has  affected  several 
target  tissues  in  animal  studies,  it  is  difficult  to 
predict  what  the  major  target  tissues  will  be  in 
humans.  However,  since  concerns  about  the 
chronic  toxicity  of  the  fumonisins  have  not  yet 
been  adequately  addressed,  a  TDI  cannot  be 
established  at  this  time.  With  the  information  at 
hand  it  is,  nevertheless,  possible  to  arrive  at  an 
interim  risk  assessment,  which  can  be  used  to 
make  interim  risk  management  decisions.  In 
addition  to  the  results  with  pure  fumonisins,  one 
needs  to  consider  that  naturally  F.  moniliforme- 
contaminated  food  contains  other  contaminants 
besides  FB,,  such  as  other  fumonisins  and  other 
toxic  F.  moniliforme  metabolites. 

Because  of  the  ubiquitous  nature  of  F. 
moniliforme ,  a  5-year  monitoring  survey  for  the 
presence  of  FB,  and  fumonisin  B2  (FB2)  in 
Canadian  corn  and  corn-based  food  items  is 
being  conducted  by  the  HPB.  Preliminary  results 
of  the  survey  were  recently  published  [8].  The 
mean  FB,  content  was  calculated  by  assuming 
that  the  level  of  FB,  in  samples  below  the 
detection  limit  was  either  equal  to  zero  (ND  - 
0),  or  equal  to  the  detection  limit  (ND  =  DL). 
The  true  mean  is  somewhere  between  these  2 
estimates.  To  the  FB,  level,  a  value  of  20%  was 
added  for  FB0,  based  on  the  overall  ratio  of  the 
levels  of  FB,  and  FB2  typically  seen  here  and 
elsewhere.  The  dried  corn /corn  meal /corn  flour 
commodities  had  the  highest  levels  of 
fumonisins,  which  averaged  0.20  and  0.28  /xg/g 
for  ND  =  0  and  ND  =  DL,  respectively.  Since 
fumonisins  are  relatively  heat-stable,  it  was  as¬ 
sumed  that  there  would  be  no  loss  of  fumonisins 
either  during  processing  or  cooking  of  fresh  or 
dried  corn.  Corn  and  corn  product  consumption 
rates  were  obtained  in  most  instances  from  the 
1970-72  Nutrition  Canada  Survey  [21].  For  some 
food  commodities  this  information  was  not 
known,  and  either  other  sources  were  utilized  or 
some  assumptions  were  made  regarding  the 


intake  of  a  given  commodity,  usually  by  compar¬ 
ing  it  to  the  intake  of  a  similar  type  of  food,  for 
which  consumption  data  were  available.  In  other 
instances,  the  product  analyzed  would  not  be 
consumed  as  such  (e.g.  corn  meal,  corn  flour), 
and  estimated  intakes  of  the  corn  portion  of  the 
finished  product  were  made.  The  ‘all  person’ 
intake,  which  is  the  intake  estimate  from  several 
corn-based  foods  at  an  average  rate  for  all 
persons,  was  made  to  address  possible  concerns 
about  a  chronic  intake  of  fumonisins.  For  5-11- 
year-old  children  the  estimates  ranged  from 
0.025  to  0.089  /xg/kg  body  wt./day,  with  the 
other  age  categories  consuming  less  than  this. 
The  maximum  estimate  is  still  considered  con¬ 
servative,  since  it  would  likely  decrease  if  detec¬ 
tion  limits  were  to  be  less  than  0.1  /xg/g. 

As  an  alternative  to  setting  a  preliminary  TDI, 
the  observed  Canadian  fumonisin  exposure  esti¬ 
mates  can  be  compared  to  the  effects  seen  in 
animals.  For  chronic  effects  the  maximum  ‘all 
person’  intake  by  5-11-year-old  children  of  0.089 
/xg/kg  body  wt./day  is: 

- 1100  times  less  than  the  NOAEL  for  the 
induction  of  field  cases  of  a  fatal  disease  in 
horses; 

-  about  2400  times  less  than  the  NOAEL  of 
0.21  mg  /kg  body  wt./day  in  a  90-day  rat 
study;  this  study  does  not  address  possible 
carcinogenic  effects  because  of  its  relative 
short  duration  of  exposure; 

- 1900  times  less  than  the  NOAEL  of  0.17 
mg  /kg  body  wt./day  of  FB,  and  FB2  in  the 
14-day  pig  study;  similar  to  the  above  rat 
study;  this  study  does  not  address  possible 
carcinogenic  effects  because  of  its  short 
duration  of  exposure,  and  very  few  animals 
were  studied; 

- 1700  times  less  than  the  NOAEL  of  0.15 
mg  /kg  body  wt./day  in  the  chronic  Vervet 
monkey  study;  with  so  few  animals  in  the 
study,  although  of  long  duration,  the  car¬ 
cinogenic  potential  in  this  species  cannot  be 
addressed;  and 

-  42  000  times  less  than  the  dose  of  3.76  mg  /kg 
body  wt./day  in  the  26-month  BDIX  rat 
study,  which  induced  liver  cancer  in  66%  of 
the  animals  tested,  as  well  as  liver  nodules 
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and  liver  foci.  This  study  suffered  from  a 
number  of  insufficiencies,  such  as  few  ani¬ 
mals  studied  and  only  1  dose  level. 

Based  on  these  comparisons,  and  other  infor¬ 
mation  on  the  fumonisins,  it  may  be  concluded 
that  the  intake  of  FBj  and  FB2,  for  the  most 
sensitive  age  group,  is  unlikely  to  pose  a  health 
hazard. 

Experimental  carcinogenicity  studies  with  the 
fumonisins  have  been  hampered  by  a  lack  of 
pure  toxins.  Major  efforts  are  now  ongoing  in 
Canada,  USA  and  South  Africa  to  produce 
fumonisins  on  a  large  scale.  Further  car¬ 
cinogenicity  studies  are  being  conducted  in  South 
Africa  (using  lower  dosage  levels)  and  by  the  US 
Department  of  Health  and  Human  Services 
National  Toxicology  Program.  Further  epi¬ 
demiological  studies  are  required  to  more  pre¬ 
cisely  define  the  role  of  F.  moniliforme  and  its 
metabolites  in  the  development  of  esophageal 
cancer  in  Transkei  and  other  areas  where  the 
incidence  of  esophageal  cancer  is  high,  such  as 
parts  of  China  and  northern  Italy.  In  several  of 
these  areas  there  is  a  high  incidence  of  F. 
moniliforme  in  corn,  high  levels  of  fumonisins  in 
corn,  and  the  per  capita  corn  consumption  often 
is  much  higher  than  in  Canada. 

There  is  a  need  to  continue  with  the  surveys  of 
fumonisins  in  corn-based  food  products  being 
marketed  in  Canada,  because  of  year-to-year 
climatic  fluctuations. 


4.  Conclusion 

The  low  levels  of  fumonisins  found  to  date  in 
corn-based  foods  in  Canada  do  not  appear  to 
pose  a  human  health  risk,  based  on  a  comparison 
with  effects  seen  at  much  higher  levels  of 
fumonisins  in  various  animal  species.  There  ap¬ 
pears,  therefore,  to  be  no  need  to  establish 
guidelines  or  action  levels  for  fumonisins  in  corn- 
based  foods  in  Canada  at  the  present  time.  The 
current  regulations  for  aflatoxins  in  nut  and  nut 
products  have  been  useful  in  ensuring  that  the 
exposure  to  AFB  x  from  nuts  and  nut  products  in 
Canada  is  one  of  the  lowest  in  the  world,  and  is 


unlikely  to  present  a  health  risk  in  the  absence  of 
HBV  infection. 

Some  of  both  the  fumonisins  and  aflatoxins 
produce  liver  foci,  hyperplastic  nodules  and 
eventually  hepatocarcinogenesis  in  rats,  with 
those  in  the  former  group  appearing  to  be  non- 
genotoxic  and  those  in  the  latter  group  being 
potent  genotoxic  agents.  More  information  on 
the  mechanism  of  hepatocarcinogenesis  and  the 
significance  of  the  various  biomarkers  for  the 
classification  of  foci  may  be  useful  to  better 
understand  underlying  differences  in  the  mecha¬ 
nism  of  action  of  these  2  groups  of  substances 
and  their  relative  role  in  the  initiation,  promo¬ 
tion  and  progression  of  liver  and  possibly  other 
cancers.  Such  information  ultimately  will  provide 
a  better  basis  for  risk  assessments. 
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Abstract 

In  common  with  many  xenobiotics,  metabolic  activation  and  detoxification  play  crucial  roles  in  the  determination 
of  a  toxic  response  of  animal  species,  including  man,  to  exposure  to  mycotoxins.  Control  of  expression  of  the 
relevant  enzymes,  both  constitutive  and  inducible,  is  therefore  a  major  factor  in  mycotoxin-induced  acute  or  chronic 
toxicities.  The  involvement  of  these  factors  in  the  toxic  responses  to  aflatoxins  and  ochratoxins  will  be  briefly 
reviewed.  In  the  case  of  the  aflatoxins,  the  importance  of  secondary,  conjugating  metabolism  has  become 
increasingly  evident.  The  specific  control  of  expression  of  these  enzymes,  through  sequences  present  in  the  5'  region 
of  the  gene,  is  evident  (e.g.  by  the  changes  seen  during  development  and  differences  between  the  sexes).  The 
existence  of  these  control  mechanisms  has  made  feasible  the  development  of  chemoprotective  strategies.  Although 
less  detailed  information  is  available  concerning  the  metabolic  activation  and  detoxification  of  the  ochratoxins,  it 
appears  probable  that  future  studies  will  reveal  a  role  for  the  genetic  control  of  expression  of  enzymes  responsible 
for  the  target  nephrotoxicity  of  these  mycotoxins. 

Keywords:  Mycotoxins;  Aflatoxin  Ochratoxin  A;  Liver  cancer;  Epoxide;  Cytochrome  P450 


The  mycotoxins  comprise  a  large  and  structur¬ 
ally  diverse  group  of  toxins,  having  in  common 
their  origin  as  secondary  metabolites  produced 
by  fungi.  There  is  evidence  indicating  that  many 
mycotoxins  require  metabolic  activation  in  order 
to  induce  a  toxic  response.  This  can  be  demon¬ 
strated  by  a  lack  of  a  significant  toxic  response  in 
vitro,  when  test  organisms  (e.g.  mammalian 
cells),  lacking  metabolising  capacity,  are  exposed 
to  the  mycotoxins  in  the  absence  or  presence  of 
added  metabolising  systems.  Since  the  expression 
of  many  mammalian  xenobiotic  metabolising 
systems  are  known  to  be  under  complex  genetic 
control,  there  is  a  need  for  detailed  information 
on  these  aspects  in  order  to  make  assessments  of 


the  potential  risk  to  humans  from  exposure  to 
these  toxins. 

One  group  of  mycotoxins,  the  trichothecenes, 
on  the  basis  of  in  vitro  tests,  appear  to  possess 
directly  toxic  properties.  This  could  be  associated 
with  the  presence  of  an  epoxide  group. 

Although  primary  metabolic  activation  might 
not  be  required  for  these  compounds  to  exert  a 
toxic  effect,  there  remains  the  possibility  of  a 
genetic  influence  on  their  toxicity  through  the 
level  of  expression  of  secondary  detoxifying 
metabolism.  Recent  studies  have  demonstrated 
the  importance  of  secondary,  conjugative  metab¬ 
olism  in  determining  the  extent  of  toxic  re¬ 
sponses  to  exposure  to  many  toxins.  In  common 
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with  the  majority  of  xenobiotics  the  biological 
response  to  mycotoxins,  requiring  metabolic  acti¬ 
vation,  depends  on  the  balance  between  activat¬ 
ing  and  detoxifying  metabolism.  Present  knowl¬ 
edge  of  the  metabolism  of  most  of  the  myco¬ 
toxins  is  not  sufficient  to  allow  any  detailed 
analyses  of  these  processes,  or  of  any  genetic 
implications  involved.  Only  in  the  case  of  the 
aflatoxins,  and  to  a  lesser  extent  the  ochratoxins, 
are  there  sufficient  data  to  attempt  to  evaluate 
possible  influences  of  genetic  factors  in  determin¬ 
ing  toxicological  endpoints.  In  the  case  of  afla¬ 
toxins,  the  most  biologically  active  and  abundant 
member  of  this  group  of  toxins  in  contaminated 
foodstuffs  is  aflatoxin  B,  (AFB,).  The  major 
pathways  involved  in  its  metabolism  are  given  in 
Fig.  2. 

In  all  animal  species  examined,  including  man, 
the  liver  is  the  target  organ  for  AFB  , .  Ingestion 
of  this  material  by  man  is  known  to  be  capable  of 
inducing  acute  poisoning,  aflatoxicosis,  and  is 
believed  to  be  implicated  in  the  development  of 
primary  liver  cancer. 

In  the  rat,  the  activation  of  AFB ,  to  AFB ,  -8,9- 
epoxide  is  principally  dependent  on  CYP  2C, 
although  CYP  1A2  may  also  have  some  activity 

[1] .  Induction  by  phenobarbitone  (PB)  in  vivo 
increases  the  level  of  epoxidation,  observed  in 
vitro  and  also  the  formation  of  AFQ,  in  rats  [2]. 
CYP  3A  has  been  found  to  be  active  in  the 
production  of  AFQ,.  The  induction  of  CYP  1A1 
by  the  administration  of  3-methyl  cholanthrene 
(3MC)  in  vivo  leads  to  an  enhanced  production 
of  the  hydroxylated  metabolite  AFM,  in  vitro 

[2] .  Because  these  inductions  alter  the  balance 
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Fig.  1.  Structure  of  deoxynivalenol. 
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Fig.  2.  Metabolism  of  AFB,. 


between  the  formation  of  active  and  detoxified 
primary  metabolites,  they  have  implications  in 
terms  of  an  effect  on  the  toxic  response,  modify¬ 
ing  that  which  results  from  the  different  levels  of 
constitutive  expression  of  the  various  cyto¬ 
chromes  P450  (e.g.  in  different  strains  of  rat).  A 
further  complicating  factor  at  the  level  of  pri¬ 
mary  activation  of  AFB,  to  the  AFB, -8,9-epox¬ 
ide  is  the  existence  of  exo  and  endo  isomeric 
forms  of  this  compound  [3].  It  has  been  found 
that  although  the  exo  form  undergoes  binding  to 
DNA  [4],  and  is  the  isomer  whose  conjugation 
with  glutathione  (GSH)  is  catalysed  by  mouse 
cytosols  [5],  both  isomers  are  capable  of  under¬ 
going  conjugation  with  GSH  [6].  In  the  mouse, 
virtually  100%  of  the  epoxidation  leads  to  the 
formation  of  the  exo  isomer.  In  the  control  rat 
the  exo/endo  ratio  is  32/1  and  in  PB-stimulated 
rat  99/1  showing  a  greater  stimulation  of  pro¬ 
duction  of  the  known  DNA-binding  isomer  [3]. 
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There  is  a  possibility  that  the  endo-expoxide  may 
be  more  stable  than  the  exo  which  could  have 
implications  in  terms  of  the  extent  of  the  cytotox¬ 
ic  response.  In  addition  to  the  effects  of  PB  and 
3MC  on  the  primary  metabolism  of  AFB  { ,  there 
is  now  considerable  interest  in  the  effects  of 
potential  chemoprotective  agents,  in  particular 
anti-oxidants,  on  the  metabolism  of  AFBp  Phen¬ 
olic  anti-oxidants  have  been  found  to  induce 
CYP  1A1,  resulting  in  an  increased  production  of 
AFMj  [7]. 

Concerning  the  primary  metabolism  of  AFB2 
in  humans,  the  reactive  metabolite,  as  in  the  rat, 
is  the  AFB  r8, 9-epoxide.  Both  endo  and  exo 
isomers  are  produced,  with  higher  proportions  of 
the  endo  to  exo  form  than  in  the  rat  [3].  Interest¬ 
ingly,  in  the  few  cases  so  far  examined,  there  has 
been  found  to  be  a  very  considerable  variation  in 
the  exo /endo  ratio  from  20/1  to  2.8/1  [3]. 
Clearly  genetic  control  of  constitutive  levels  of 
expression  of  the  enzymes  producing  the  AFBr 
8, 9-epoxide  and  in  particular  the  relative  pro¬ 
portions  of  the  2  isomers  must  play  a  crucial  role 
in  determining  the  individual  sensitivities  to  this 
toxin.  In  humans,  it  appears  that  more  than  one 
cytochrome  P450  is  involved  in  the  activation  of 
AFBj.  There  have  been  some  differences  of 
opinion  as  to  which  cytochrome  plays  the  major 
role.  Studies  based  on  inhibitions  using  isoform- 
specific  antibodies  or  chemicals  have  indicated 
CYP  3A4  as  being  the  predominant  isoform 
involved  [8].  Studies  using  bacterial  recombinant 
human  cytochrome  P450  enzymes  showed  that 
CYP  3A4  catalysed  the  formation  of  the  greatest 
amount  of  epoxide  which  was  entirely  the  exo 
isoform,  whereas  CYP  1A2  produced  lower 
amounts  of  the  AFB  1  -8,9-epoxide  which  also  was 
a  mixture  of  the  2  isomers  [9].  Other  workers 
have  claimed  that  the  metabolism  due  to  CYP 
1A2  is  the  most  relevant  in  terms  of  human 
toxicity  since  it  has  a  high  affinity  for  AFB{  and 
therefore  would  be  active  at  the  low  levels  of 
AFB1  likely  to  be  present  in  in  vivo  exposure  to 
the  toxin  [10].  This  view  has  been  supported 
using  human  cell  lines  transfected  with  CYP  1A2 
and  CYP  3A4  [11].  Genetic  variation  in  expres¬ 
sion  of  the  individual  cytochrome  P450s  produc¬ 
ing  the  AFB  t -8,9-epoxide  and  in  particular  these 


2  isoforms  clearly  requires  further  study  in  view 
of  their  importance  in  the  production  of  an 
acutely  toxic  or  carcinogenic  response.  The  possi¬ 
bility  that  the  polymorphic  expression  of  the 
CYP  2D6  gene  in  humans  might  be  associated 
with  the  development  of  cancer  has  received 
considerable  attention.  Extensive  debrisoquin 
metabolisers  are  at  an  increased  risk  of  develop¬ 
ing  lung,  liver  or  bladder  cancer,  and  individuals 
possessing  inactivating  mutations  in  the  gene 
were  more  frequent  in  cases  of  primary  liver 
cancer  [12].  The  suggestion  that  the  expression  of 
this  gene  might  be  involved  in  the  activation  of 
AFB{  have  not  been  demonstrated  in  vitro  [13]. 
However,  studies  on  AFBX  hepatocarcinogenesis 
in  the  CYP  2D6  deficient  DA  rat  have  demon¬ 
strated  an  apparent  lower  induction  of  liver 
cancer  in  these  rats  than  in  the  CYP  2D6  positive 
F344  rat  (Neal  and  Idle,  unpublished  observa¬ 
tion).  It  appears  possible  that  the  CYP  2D6 
polymorphism  affects  AFB  1  hepatocarcino¬ 
genesis  by  a  mechanism  other  than  at  the  level  of 
production  of  AFB  x  -epoxide.  A  further  factor 
which  may  affect  the  human  response  to  AFB  1  at 
the  level  of  primary  metabolism  is  the  preferen¬ 
tial  induction  of  detoxifying  pathways,  thus  re¬ 
ducing  the  amount  of  toxin  available  as  a  sub¬ 
strate  for  activating  metabolism.  This  appears  to 
have  parallels  to  the  protective  effect  of  3MC  on 
AFB1  toxicity  in  the  rat.  It  has  been  reported 
that  in  the  Fujian  province  of  China,  an  area  of 
heavy  contamination  with  AFBt,  a  higher  inci¬ 
dence  of  primary  liver  cancer  was  noted  amongst 
non-smokers  compared  with  smokers  [14].  It 
appears  probable  that  the  polycyclic  aromatic 
hydrocarbon  content  of  cigarette  smoke  induced 
the  expression  of  CYP  lAl-mediated  metabo¬ 
lism  of  AFBj  to  AFMl5  in  a  way  analogous  to 
3MC  induction  in  the  rat. 

Another  genetic  factor  at  the  level  of  primary 
metabolism  of  AFBt  which  is  possibly  involved 
in  AFB! -induced  liver  cancer  in  humans  is  the 
control  of  expression  of  the  cytochrome  P450 
catalysing  the  O-demethylation  of  AFB!  to 
AFP!.  The  presence  of  AFPj  in  urine  has  been 
found  to  be  correlated  with  the  development  of 
primary  liver  cancer,  and  in  in  vitro  studies  AFP! 
formation  from  AFB!  was  highly  elevated  in 
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microsomal  fractions  isolated  from  tumour  tissue 
compared  with  control  tissue  [15].  There  is  little 
information  in  the  literature  concerning  the  cyto¬ 
chrome  P450  catalysing  this  reaction. 

It  is  becoming  increasingly  evident  that  a 
highly  significant  role  in  AFB,  toxicity  is  played 
by  the  secondary,  conjugating  metabolism  [16]. 
Glucuronidation,  sulphation,  and  acetylation  of 
primary  AFB,  metabolites  are  likely  metabolic 
processes,  but  the  substrates  for  these  conjuga¬ 
tions  would  be  hydroxylated  primary  AFB,  me¬ 
tabolites  (e.g.  AFM,,  AFP,  and  AFQ,)  whose 
toxic  and  carcinogenic  potentials  are  much  lower 
than  the  parent  AFB,.  These  conjugating  reac¬ 
tions  therefore  probably  play  a  minor  role  in  the 
detoxification  process.  The  major  conjugative 
process,  with  a  crucial  influence  on  the  toxic 
outcome  of  metabolism,  is  the  formation  of  a 
GSH  conjugate  from  AFB  ,-8,9-epoxide.  This 
reaction  is  primarily  catalysed  by  glutathione  S- 
transferase  enzymes  of  the  a  class  in  the  case  of 
the  exo-epoxide,  whereas  endo-epoxides  are  bet¬ 
ter  substrates  for  the  /x  class  enzymes  [6].  The 
high  activity  in  mouse  liver  cytosol  exclusively 
conjugates  the  exo  isomer,  whereas  the  low 
activity  in  rat  cytosol  conjugates  both  isomers 
with  a  preference  for  the  endo  form  [6].  The  /x 
class  enzymes  are  polymorphic  in  humans,  which 
has  raised  the  possibility  of  genetic  control  of 
sensitivity  to  the  toxins  at  this  level.  However, 
since  AFB ,  -DNA  adducts  appear  to  be  predomi¬ 
nantly,  if  not  exclusively,  formed  from  the  exo¬ 
epoxide,  the  interaction  of  the  endo-epoxide  with 
DNA  may  have  little  if  any  effect  on  genotoxici- 
ty,  but  the  possibility  remains  of  an  effect  on 
cytotoxicity.  Modification  of  interactions  of  the 
endo-epoxide  with  RNA  and  protein  could  result 
from  conjugation  by  /x  class  enzymes.  Protein 
binding  of  AFB,  takes  place  via  AFB , -dihydro- 
diol  and  not  the  epoxide,  so  a  slower  rate  of 
hydrolysis  of  the  endo-epoxide  to  form  a  di- 
hydrodiol  could  facilitate  a  wider  spread  of 
cellular  damage  than  that  resulting  from  the 
dihydrodiol  formed  from  the  exo-epoxide.  In  the 
rat,  conjugation  of  the  exo-epoxide  to  form  the 
GSH  conjugate  is  catalysed  by  members  of  the  a 
class  GST  containing  the  Yc  subunit,  and  in 
particular  the  Yc2  subunit.  Genetic  control  of 


expression  of  the  Yc2-containing  enzymes  in¬ 
cludes  high  expression  in  the  neonate,  very  low 
expression  in  the  adult  with  a  higher  expression 
in  females  than  males.  Inducer-dependent  ex¬ 
pression  results  from  the  dietary  administration 
of  a  range  of  compounds,  including  synthetic  and 
naturally  occurring  anti-oxidants.  Elevation  of 
Yc2-containing  GSTs  correlates  with  the 
chemoprotection  against  the  induction,  by  AFB , , 
of  pre-neoplastic  lesions  in  the  liver.  Likely 
genetic  control  mechanisms  involve  the  anti-ox¬ 
idant  response  element  (ARE)  in  the  5'  region  of 
the  gene,  but  other  control  elements  also  appear 
possible  [17].  The  Yc  subunit,  highly  homologous 
to  the  Yc2  subunit  in  the  rat,  is  constitutively 
expressed  in  the  mouse.  This  demonstrates  a 
fundamental  difference  in  genetic  control  of 
expression  of  this  GST  subunit  between  rat  and 
mouse,  and  underlies  the  differing  species  sen¬ 
sitivity  to  AFB,  toxicity  [16].  In  humans,  as 
referred  to  above,  conjugation  of  the  endo-epox¬ 
ide  of  AFB,  probably  proceeds  via  the  jul  class 
GST,  whose  expression  is  polymorphic.  The  a 
class  GSTs,  constitutively  suppressed  in  human 
liver  cytosol,  have  little  conjugating  activity  to¬ 
wards  the  genotoxic  exo-epoxide  [18].  Chemop- 
revention  strategies  against  AFB ,  genotoxicity  in 
humans,  involving  the  administration  of  anti-ox¬ 
idants  such  as  the  drug  oltipraz  are  based  on  a 
presumed  capacity  for  the  induction  of  GSTs, 
homologous  to  the  Yc  subunit  constitutively 
expressed  in  the  mouse  and  inducible  in  the  rat 
[13].  To  date,  evidence  for  this  capacity  is  lim¬ 
ited.  Another  enzyme  with  potential  for  protec¬ 
tion  against  AFB,  toxicity  which  has  recently 
been  investigated,  catalyses  the  reduction  of 
AFB,-  dihydrodiol  to  the  dialcohol.  This  en¬ 
zyme,  a  member  of  a  family  of  aldehyde  reduc¬ 
tases,  converts  a  metabolite  of  AFB,,  AFB,- 
dihydrodiol,  which  is  believed  to  be  the  major 
protein  binding  form  of  the  toxin  and  which  has 
implications  in  terms  of  the  cytotoxic  response, 
into  a  non-binding  form  [19].  The  dialcohol  then 
probably  undergoes  conjugation  and  is  excreted. 
The  AFB ,  -dihydrodiol  aldehyde  reductase 
(AFAR)  is  expressed  to  a  very  low  level  in  the 
adult  rat  liver,  but  is  capable  of  inducer-depen- 
dent  expression  in  a  very  similar  manner,  and  in 
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response  to  the  same  inducing  substances,  as  the 
Yc2  subunit  of  rat  liver  GST.  The  induction  of 
the  expression  of  this  enzyme  in  humans  in 
response  to  anti-oxidants  would  clearly  have 
implications  in  terms  of  chemoprotection.  As  in 
the  case  of  the  GST  Yc2  subunit,  the  inducer- 
dependent  expression  of  these  enzymes  in  the  rat 
is  probably  dependent  on  responsive  element 
sequences  in  the  5'  region  of  the  gene. 

In  summary,  the  sensitivity  of  the  rat  to  AFB1 
toxicity  is  under  genetic  control,  involving  the 
expression  of  individual  cytochrome  P450s  and 
the  secondary  GSH  conjugating  and  aldehyde 
reductase  enzymes.  The  constitutive  expression 
of  these  enzymes  can  be  modified  by  the  action 
of  inducing  substances  on  controlling  regions  in 
the  genome,  with  profound  effects  on  the  toxic 
response  to  AFB^ 

In  the  case  of  ochratoxin  A  (OTA),  the  meta¬ 
bolic  pathways  given  in  Fig.  3  have  been  defined. 
The  inhibition  of  protein  synthesis,  resulting 


from  the  administration  of  the  compound  to  rats 
and  mice  has  been  shown  to  be  due  to  an 
inhibition  of  phenylalanine-tRNA  formation 
[20]. 

A  general  inhibition  of  protein  synthesis  would 
appear  unlikely  to  account  for  the  toxin  targeting 
the  kidney  in  both  animals  and  man.  In  the  case 
of  animals,  the  toxin  has  been  demonstrated  to 
produce  kidney  tumours  in  rats  and  mice,  and 
there  is  strong  evidence  for  a  nephrotoxic  effect 
in  pigs.  In  the  case  of  humans,  exposure  to  the 
toxin  has  been  suggested  to  be  implicated  in  the 
disease  termed  Balkan  endemic  nephropathy 
(BEN)  [21]. 

Concerning  the  metabolic  aspects  of  the  toxici¬ 
ty  of  OTA,  the  toxin  was  reported  to  be  negative 
in  the  Ames  test  and  not  to  bind  to  DNA. 
However,  other  studies  using  culture  medium 
plus  OTA,  following  conditioning  by  rat  hepat- 
ocytes,  induced  mutations  in  the  Ames  test  and 
sister  chromatid  exchange  in  human  peripheral 


(4S)-4-Hydroxyochraloxln  A 

Fig.  3.  Metabolism  of  OTA 
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lymphocytes  in  vitro.  These  results  indicate  a 
genotoxic  potential  for  OTA,  which  has  been 
supported  by  the  induction  of  SOS  DNA  repair 
in  E.  coli.  Also  other  studies  have  demonstrated 
that  the  prolonged  feeding  of  rats  with  low  levels 
of  OTA  results  in  single-strand  breaks  in  liver 
and  kidney  DNA  [22].  Using  [P22]  post-labelling 
techniques,  the  presence  of  adducts  in  the  DNA 
of  kidney,  liver  and  spleen  (OTA  is  immuno¬ 
suppressive)  has  been  detected  following  the 
administration  of  OTA  to  mice.  The  adducts 
differed  qualitatively  and  quantitatively  between 
the  3  organs,  there  being  a  higher  level  of 
adducts  in  the  kidney  which  persisted  longer  than 
those  in  the  other  2  organs  [23].  All  of  these  data 
identify  OTA  as  a  genotoxic  agent.  However, 
regarding  the  metabolic  activation  of  the  toxin, 
little  is  known  at  present.  The  formation  of 
different  adducts  in  the  liver  and  kidney  suggests 
different  metabolic  routes  of  activation.  It  has 
been  demonstrated  in  E.  coli  that  /3-lyase  action 
on  a  cysteinyl-OTA  conjugate  is  probably  associ¬ 
ated  with  the  cytotoxic  reaction  [24].  Kidney 
toxicity  from  certain  chemicals  (e.g.  hexachloro- 
butadiene)  has  been  found  to  result  from  a  /3- 
lyase  cleavage  of  cysteinyl  conjugates.  This  indi¬ 
cates  a  possible  biochemical  mechanism  for  the 
nephrotoxic  action  of  OTA.  The  genetic  control 
of  expression  of  both  the  primary  activation  and 
conjugation  of  OTA  with  GSH  and  the  sub¬ 
sequent  reactivation  by  /3-lyase  could  play  a  role 
in  the  toxicity  of  OTA. 

With  respect  to  the  primary  metabolism  of 
OTA,  similar  to  the  case  of  the  aflatoxins, 
parallels  have  been  drawn  between  this  activity 
and  the  oxidation  of  debrisoquin.  Animal  species 
differing  in  their  capacity  to  oxidise  debrisoquin, 
also  differ  in  their  capacity  to  form  hydroxylated 
metabolites  of  OTA.  The  DA  rat,  which  is  a 
poor  metaboliser  of  debrisoquin,  is  also  a  poor 
metaboliser  of  OTA.  Antibody  and  induction 
studies,  however,  have  indicated  that  the  cyto¬ 
chrome  responsible  for  OTA  hydroxylation  is 
not  identical  with  CYP  2D6,  but  may  also  share 
some  epitopes  with  CYP  1A1.  The  possible 
relevance  of  these  metabolic  studies  to  man  is 
indicated  by  the  results  of  a  study  which  found 
that  a  group  of  BEN  patients  contained  a  sig¬ 


nificantly  higher  proportion  of  rapid  debrisoquin 
oxidisers,  than  did  non-BEN  individuals  from  the 
same  area  [25]. 

In  summary,  there  therefore  appears  to  be  an 
involvement  of  metabolism,  both  activating  and 
detoxifying  in  the  nephrotoxic  action  of  OTA. 
Further  research  is  necessary  to  define  the  meta¬ 
bolic  pathways  involved  and  to  evaluate  the 
genetic  control  of  their  expression,  both  constitu¬ 
tive  and  inducible.  Hopefully,  on  the  basis  of  the 
results  of  these  studies  protective  strategies  will 
be  devised,  to  complement  the  reduction  in 
OTA-induced  pathology,  due  to  a  lowering  of 
human  exposure  to  this  mycotoxin. 
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Abstract 

Ochratoxin  A  (OTA)  is  a  mycotoxin  produced  by  ubiquitous  Aspergilli ,  mainly  by  Aspergillus  ochraceus  and  also 
by  Penicilium  verrucosum.  It  is  found  all  over  the  world  in  feed  and  human  food  and  blood  as  well  as  in  animal 
blood  and  tissues.  The  most  threatening  effects  of  OTA  are  its  nephrotoxicity  and  carcinogenicity,  since  this 
mycotoxin  is  nephrotoxic  to  all  animal  species  studied  so  far  and  is  increasingly  involved  in  the  Balkan  endemic 
nephropathy  (BEN),  a  human  chronic  interstitial  nephropathy  which  is  most  of  the  time  associated  to  urinary  tract 
tumours.  Since  it  seems  impossible  to  avoid  contamination  of  foodstuffs  by  toxigenic  fungi,  detoxification  and 
detoxication  for  OTA  are  needed.  To  reduce  or  abolish  the  OTA-induced  toxic  effects,  several  mechanisms  were 
investigated.  The  results  of  these  investigations  showed  that  some  of  the  potential  antidotes  were  efficient  in 
preventing  the  main  OTA  toxic  effects  whereas  some  others  were  not.  Promising  compounds  are  structural 
analogues  of  OTA,  and/or  compounds  having  a  high  binding  affinity  for  plasma  proteins  such  as  piroxicam,  a 
non-steroidal  anti-inflammatory  drug  (NSAID).  Some  enzymes  such  as  superoxide  dismutase  (SOD)  and  catalase, 
radical  scavengers,  vitamins,  prostaglandin  (PG)  synthesis  inhibitors,  (such  as  piroxicam),  pH  modificators, 
adsorbant  resin  such  as  cholestyramine  etc.  are  efficient  in  vivo.  Some  of  the  results  obtained  in  vivo  were  already 
confirmed  in  vitro  and  gave  useful  information  on  how  to  safely  use  these  antidotes.  The  most  generally  acting 
compound  seems  to  be  A19  (Aspartame®),  a  structural  analogue  of  OTA  and  phenylalanine.  When  given  to  rats 
A19  (25  mg/kg/48  h)  combined  to  OTA  (289  /ig/kg/48  h)  for  several  weeks  largely  prevented  OTA  nephrotoxicity 
and  genotoxicity.  When  given  after  intoxication  of  animals  with  OTA  it  washes  out  the  toxin  efficiently  from  the 
body.  In  vitro,  A19  (10  /ig/ml)  prevents  OTA  (20-500  pglm\)  binding  to  plasma  proteins.  Its  general  action 
without  any  known  side  effect  in  humans  and  in  animals,  points  at  A19  to  be  the  best  candidate  for  preventing  the 
OTA-induced  subchronic  effects. 

Keywords :  Ochratoxin  A;  Aspartame;  Nephrotoxicity;  Genotoxicity;  Phenylalanine 


1.  Introduction 

Ochratoxin  A  (OTA)  is  a  mycotoxin  produced 
by  fungi  of  Aspergillus  and  Penicillium  genera 


*  Corresponding  author. 


[1].  It  is  a  food  contaminant  found  not  only  in 
cereals  (wheat,  maize,  barley)  but  also  in  beans, 
dried  fruits,  coffee,  cocoa.  It  is  also  found  in 
human  blood,  urine  and  milk  as  well  as  in  animal 
blood  and  tissues  [2-7].  In  many  Balkan  areas, 
people  suffering  from  chronic  interstitial  nephro¬ 
pathy  and/or  urinary  tract  tumours  have  high 
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concentrations  (2-40  ng/ml)  of  OTA  in  their 
blood  as  well  as  in  their  food  (1-35  fig! kg). 

The  importance  of  OTA  in  the  public  health 
and  economy  is  becoming  increasingly  evident 
because  of  its  implication  in  Balkan  endemic 
nephropathy  (BEN)  and  also  because  it  has  been 
found  in  food  and  human  blood  in  Germany  and 
other  western  European  countries  including 
France,  Italy,  Scandinavia,  and  also  Canada  and 
Japan  [8-13]. 

Since  OTA  was  found  in  human  and  animal 
blood  and  food  in  Northern  Africa,  Tunisia, 
Algeria  and  Egypt  [14]  associated  with  many 
cases  of  nephropathy  [15]  the  ochratoxin  con¬ 
tamination  should  be  regarded  from  now  on  as  a 
worldwide  problem. 

When  introduced  in  the  body,  OTA  binds 
strongly  to  plasma  proteins  and  is  metabolised 
into  hydroxylated  compounds,  one  of  which,  the 
(4R)-4-hydroxyochratoxin  A  being  as  cytotoxic 
and  immunosuppressive  as  the  parent  compound 
in  vivo  and  in  vitro  [16,17].  OTA  can  be  cleaved 
into  phenylalanine  (Phe)  and  OTuf,  the  chlo¬ 
rinated  dihydroisocoumarinic  moiety  found  not 
to  be  toxic,  but  retaining  some  genotoxicity  [18]. 

The  toxicological  aspect  of  OTA  contamina¬ 
tion  becomes  more  complex  since  natural  ana¬ 
logues  of  the  toxin  were  found  in  Aspergillus 
ochraceus  no.  589-68  NRRL  culture  on  grains 
[19]  and  since  OTa:  considered  so  far  as  non¬ 
toxic  retains  genotoxic  properties  [18].  Acute  and 
chronic  toxicity  of  OTA  are  related  directly  or 
indirectly  to  its  property  of  inhibiting  protein 
synthesis  by  competition  with  Phe  in  the  reaction 
catalysed  by  phenylalanyl-tRNA  synthetase  [20- 
23].  OTA  is  also  able  to  inhibit  all  the  reactions 
in  which  Phe,  its  structural  analogue,  is  involved, 
such  as  those  catalysed  by  Phe  hydroxylase  [24]. 
The  same  considerations  apply  to  all  those  reac¬ 
tions  involving  the  amino  acid  structural  ana¬ 
logues  of  OTA  such  as  tyrosine  hydroxylase 
leading  to  DOPA  for  tyrosine-OTA  which  is 
cytotoxic  [17]. 

Toxic  effects  of  ochratoxins  are  also  related  at 
least  partially  to  the  oxidative  processes,  to  the 
intracellular  handling  of  calcium  [25],  to  the 
inhibition  of  mitochondrial  respiration  and  ATP 
production  [26,27].  All  these  reactions  result 
from  the  inhibition  of  protein  synthesis. 


This  paper  updates  this  research  and  focuses 
on  the  beneficial  effects  of  A 19,  a  structural 
analogue  of  both  Phe  and  OTA,  on  the  nephro¬ 
toxicity  and  genotoxicity  induced  by  subchronic 
exposure  to  the  toxin. 

2.  Mechanism  of  action 

OTA  is  a  structural  analogue  of  L-/3-Phe  with 
a  7-dihydroisocoumarin  chlorinated  in  position  5 
[1,28].  The  chlorine  atom  seems  to  play  a  key 
role  due  to  electronegativity  because  the  de- 
chloro  derivative  (OTB)  is  much  less  cytotoxic 
or  not  toxic  at  all  [29]. 

2.1.  Inhibition  of  protein  synthesis 

OTA  inhibits  protein  synthesis  in  vivo  and  in 
vitro  at  the  elongation  step  by  inhibiting  the 
binding  of  Phe  to  its  specific  t-RNA  [21-23,30- 
32].  This  mechanism  has  been  confirmed  by  the 
synthesis  of  analogues  of  OTA  possessing  other 
amino  acids  instead  of  Phe.  They  inhibit  the 
reactions  catalysed  by  the  specific  aminoacyl- 
tRNA  synthetases  appropriate  to  the  amino  acid 
replacing  Phe  in  their  structure  [17]. 

In  the  meantime  natural  analogues  have  been 
isolated  by  Hadidane  et  al.  [19]  indicating  that  in 
the  case  of  natural  contaminations,  humans  and 
animals  are  exposed  to  a  mixture  of  toxins  with 
consequent  synergistic  effects.  It  is  well  known 
that  natural  contamination  by  OTA-producing 
fungi  is  more  potent  in  inducing  porcine  nephro¬ 
pathy  than  is  the  artificially  OTA-contaminated 
feed  for  the  same  OTA  levels  [2,33,34]. 

These  inhibitory  properties  of  OTA,  which 
explain  almost  all  the  toxic  effects  of  OTA, 
include  effects  on  certain  enzymes  involved  in  its 
metabolism,  cytochrome  P450  (P450),  amino- 
pyrine  demethylase  and  alanine  hydroxylase 
levels  are  all  reduced  by  OTA  at  doses  of  about 
1.5  mg/kg/15  days  [35]. 

Phosphoenol  pyruvate  carboxykinase  activity 
is  also  reduced  in  the  kidney  [36,37]. 

2.2.  Implication  of  oxidative  pathways 

Rahimtula  et  al.  [38]  have  shown  that  OTA 
induces  lipid  peroxidation  in  the  presence  of 
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microsomes  and  NADPH  and  traces  of  chelated 
Fe3+.  This  lipid  peroxidation  is  determined,  in 
vitro,  by  malonaldehyde  formation  and,  in  vivo, 
by  hexane  exhalation.  The  first  consequence  of 
this  harmful  mechanism  is  the  modification  of 
membrane  permeability  and,  consequently,  cel¬ 
lular  necrosis. 

The  production  of  free  radicals  is  generally 
prevented  by  antioxidant  and  radical  scavengers 
such  as  vitamin  E,  vitamin  A,  and  superoxide 
dismutase  (SOD)  combined  with  catalase.  The 
other  oxidative  pathways  implicated  in  the  me¬ 
tabolism  of  OTA  are  related  to  the  cooxidation 
during  prostaglandin  (PG)  synthesis.  For  the 
prevention  of  these  reactions,  inhibitors  of  PG 
synthesis  and  of  cyclooxygenase  could  be  used. 
Some  of  these  inhibitors  only  partially  block  this 
pathway,  others  can  block  completely  the  whole 
system,  for  example  piroxicam  [39]. 


3.  General  metabolism 

3.1 .  Production  of  OTa 

OTA  is  cleaved  into  Phe  and  OTa  by  peptid¬ 
ases  in  the  intestinal  mucosa,  and  in  other  organs 
such  as  pancreas  as  well  as  in  vitro.  OTa  was 
previously  regarded  as  harmless,  but  evidence  for 
its  genotoxicity  have  been  recently  found  [18]. 
Thus  the  level  of  OTa  should  also  be  determined 
in  humans  and  in  bigastric  animals  to  assess  the 
exposure. 

3.2.  Production  of  hydroxylated  derivatives 

In  the  presence  of  NADPH,  liver  microsomes 
from  pig,  rat  and  humans  metabolise  OTA  to 
produce  hydroxylated  derivatives  (4/?)-  and 
(41S)_4-hydroxyochratoxin  A  [40-42].  In  the 
same  conditions  rabbit  liver  microsomes  produce 
10-hydroxyochratoxin  A  [43]. 

OTA  is  also  used  as  a  substrate  by  Phe 
hydroxylase  and  transformed  into  tyrosine  OTA 
(Tyr-OTA)  [24].  This  derivative  is  cytotoxic  [30]. 

The  P450  involved  in  the  hydroxylation  were, 
for  the  rat,  CYP1A2  for  the  (4R)-isomer  and 
CYP2B1  for  the  (4,S)-isomer.  In  the  pig  micro¬ 
somes  the  implicated  cytochromes  were  CYP2B 


and  CYP2C11  classified  A2  and  A3.  One  OTA 
metabolite  more  lipophilic  than  the  parent  com¬ 
pound  has  also  been  identified  in  pig  liver  micro¬ 
somal  incubations  [42]. 

The  implication  of  OTA  metabolism  in  its 
nephrotoxicity  has  been  analysed  by  Delacruz 
and  Bach  [44]. 

4.  Structural  analogues  of  OTA  and  related 
compounds  (Phe  and  piroxicam) 

Phe  and  piroxicam  favour  the  absorption  of 
OTA  from  the  stomach  but  seem  to  prevent  it 
from  being  distributed  to  all  organs.  In  using 
these  compounds  the  blood-OTA  concentration 
was  effectively  higher  but  the  intestinal  absorp¬ 
tion  decreased.  Urinary  elimination  was  en¬ 
hanced  by  70  and  110%  for  Phe  and  piroxicam, 
respectively,  within  the  first  24  h.  In  normal 
conditions  and  after  dosing  rats  for  2-6  weeks 
with  289  /xg/kg/48  h  of  OTA,  the  blood  con¬ 
tained  3.3-3.6  fJLglml  while  the  urine  contained 
0.13-0.24  fig/ ml  [45], 

Phe  influences  the  toxicokinetics  of  OTA.  It 
increases  gastrointestinal  absorption,  intestinal 
transit,  urinary  and  intestinal  elimination.  The 
half-life  time  is  reduced,  and  the  acute  toxicity  is 
largely  prevented  [31,46-49]. 

It  should  be  remembered  that  Phe  has  no 
effect  at  all  on  the  genotoxicity  of  OTA  [48], 
indicating  that  the  reactive  compounds  respon¬ 
sible  for  this  genotoxicity  are  not  structurally 
related  to  Phe.  This  includes  Tyr-OTA,  OTa  and 
perhaps  conjugates  of  OTA  as  candidates  for 
these  harmful  chronic  effects. 

Phe  is  very  efficient  on  protein  synthesis  inhi¬ 
bition  induced  by  OTA  [16,30,31,46]. 


5.  A19  as  detoxicating  agent 

5.1.  Structural  analogy  and  specific  metabolism 
in  animal  and  humans 

A19  is  Aspartame,  i.e.  the  methyl  ester  of 
aspartyl  Phe.  It  is  thus  a  structural  analogue  of 
both  Phe  and  OTA.  Comparing  the  metabolism 
in  humans  and  animals  Ranney  et  al.  [50]  showed 
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that  similarly  in  both  species  A19  was  completely 
cleaved  into  aspartate,  Phe  and  methanol  within 
a  few  hours.  They  have  found  that  the  major 
portion  of  the  [14C]  label  was  expired  (10-24%) 
within  24  h  while  0.7-11%  was  found  in  faeces  in 
urine  and  about  10%  was  incorporated  into 
proteins.  The  plasma  peak  occurred  after  4-7  h. 

Recently,  Moller  [51]  reported  a  very  mean¬ 
ingful  study  on  A19  metabolism  in  humans.  Six 
human  males  each  received  0.56  g  Phe  in  the 
form  of  1.0  g  aspartame  or  12.2  g  bovine  albumin 
in  200  ml  water  or  water  alone.  Venous  blood 
samples  collected  before  consumption  and  dur¬ 
ing  the  following  4  h  were  assayed  for  plasma 
levels  of  large,  neutral  amino  acids  (LNAA), 
aspartate,  insulin  and  glucose.  The  area  under 
the  curve  for  plasma  Phe  was  40%  greater, 
although  not  significant,  after  aspartame  com¬ 
pared  with  albumin  intake.  The  indicated  in¬ 
creased  clearance  rate  of  plasma  Phe  following 
the  intake  of  albumin  may  be  caused  by  a 
significant  increase  in  insulin,  on  which  aspar¬ 
tame  had  no  effect.  There  was  a  significant  effect 
of  aspartame  on  plasma  tyrosine  but  not  on 
tryptophan,  valine,  isoleucine  or  leucine.  Plasma 
aspartate  was  significantly  increased  at  0.25  h 
after  the  aspartame  intake.  The  percentage  Phe/ 
LNAA  decreased  slightly  in  response  to  albumin 
but  increased  55%  after  aspartame  and  remained 
significantly  increased  for  2  h.  Tyrosine /LNAA 
increased  and  tryptophan /LNAA  decreased 
modestly  after  aspartame  intake.  The  study 
showed  that  the  intake  of  aspartame  at  a  not 
unrealistically  high  level  produced  a  marked  and 
persistent  increase  of  the  availability  of  Phe  to 
the  brain,  which  was  not  observed  after  protein 
intake.  The  study  indicated,  furthermore,  that 
Phe  was  cleared  faster  from  the  plasma  after 
consumption  of  protein  compared  with  aspar¬ 
tame. 

Because  the  tissue  distribution  of  the  peptide 
and  its  elimination  were  still  uncertain,  a  sensi¬ 
tive  detection  method  for  A19  using  HPLC  and 
fluorescence  after  derivatisation  with  ortho- 
phtalaldehyde  had  been  recently  developed  (un¬ 
published  results).  This  permits  follow-up  of  the 
detoxicating  agent  in  body  fluids  and  organs. 


Several  studies  have  been  conducted  to  deter¬ 
mine  the  protective  effect  of  A19  in  nephro¬ 
toxicity  and  genotoxicity  according  to  the  meth¬ 
odology  described  by  Baudrimont  et  al.  [52-54], 

The  results  showed  that  10-12%  of  A19  was 
distributed  unchanged  in  blood  urine  and  organs 
(kidney,  liver,  brain  and  testicles).  When  given 
alone  to  rat,  A19  (25  mg/kg)  resulted  in  levels  of 
73  ±6,  1.8  ±0.1,  156  ±9,  34  ±2  /xg/g,  66  ±  5, 
19  ±  2/xg/ml  in  kidney,  liver,  brain,  testicle, 
serum  and  urine,  respectively.  In  the  presence  of 
OTA  (289  yug/kg)  the  levels  were  as  follows  for 
the  same  organs  and  fluids,  68  ±  5,  2.1  ±  0.1, 
105  ±9,  25  ±0.6  yug/g,  45  ±3  and  11  ±0.2  pt gl 
ml.  The  presence  of  /xg  quantities  of  A19  had 
not  been  reported  before  due  to  the  sensitivity  of 
the  methods  used  previously  in  the  1970s.  These 
quantities  of  A19,  however,  seem  extremely 
important  for  its  mechanism  of  antagonism  in 
OTA  binding  to  human  plasma  proteins,  trans¬ 
port,  elimination,  metabolism  etc. 

5.2.  Effect  of  A 19  on  OTA  binding  to  human 
plasma  proteins 

At  a  comparable  blood  concentration  (10  /xg/ 
ml)  the  effects  of  A19  on  OTA  binding  to  human 
plasma  proteins  have  been  investigated  in  a  2- 
compartment  dialysis  system,  in  the  2  following 
conditions:  OTA  was  put  in  the  lower  compart¬ 
ment  containing  NaCl  0.9%,  pH  7.2,  whereas 
A19  was  added  to  the  upper  one  containing 
plasma;  OTA  was  added  to  the  lower  compart¬ 
ment  simultaneously  with  A19  and  the  human 
plasma  alone  in  the  upper  one.  After  the  indi¬ 
cated  time,  the  solution  containing  free  OTA 
(NaCl  0.9%),  pH7.2,  is  removed  and  replaced  by 
a  fresh  solution  without  toxin  in  a  new  run  to 
avoid  the  presence  of  free  OTA  in  the  other  side. 
So  only  bound  OTA  was  assayed  by  HPLC  and 
fluorescent  detection. 

The  results  are  summarised  in  Tables  1  and  2. 
Ochratoxin  concentrations  used  in  these  experi¬ 
ments  were  very  high,  exceeding  those  found  in 
natural  contaminations.  They  have  been  put 
intentionally  to  show  the  very  high  efficacy  of 
A19  to  prevent  the  OTA  binding  on  human 
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Table  1 

Effects  of  A19*  (10  ju,g/ml)  on  the  binding  of  OTA  to  human  plasma  proteins  in  vitro,  checked  by  dialysis,  through  a  membrane 


having  an  exclusion  limit  at  10  kDa 


OTA  concentrations  (/xg/ml) 

Time  (min) 

OTA  bound 

OTA  alone  (ng/ml) 

OTA  +  A,„  (ng/ml) 

20 

30 

215  ±11 

157  ±  12 

60 

431  ±  18 

97  ±  4 

120 

772  ±  25 

15  ±  3 

100 

30 

442  ±  21 

193  ±  17 

60 

739  ±  17 

74  ±11 

120 

1231  ±71 

55  ±15 

500 

30 

556  ±  15 

275  ±  41 

60 

1175  ±71 

296  ±  45 

120 

1744  ±112 

345  ±  51 

*A19  was  added  to  the  plasma  in 

the  upper  compartment  before  OTA  was  added  to  the  lower  one. 

Table  2 

Effects  of  A19*  (10  /ug/ml)  on  the  binding  of  OTA  to  human  plasma  proteins  in  vitro,  checked  by  dialysis,  through  a  membrane 


having  an  exclusion  limit  at  10  Da 


OTA  concentrations  (/xg/ml) 

Time  (min) 

OTA  bound 

OTA  alone  (ng/ml) 

OTA  +  A19  (ng/ml) 

20 

30 

163  ±42 

159  ±13 

60 

488  ±  41 

53  ±  6 

120 

774  ±  43 

39  ±  4 

100 

30 

491  ±  39 

245  ±  15 

60 

983  ±  48 

459  ±  27 

120 

1296  ±  61 

587  ±  38 

500 

30 

539  ±  41 

516  ±19 

60 

1347  ±  92 

1127  ±  89 

120 

1899  ±  89 

1789  ±56 

*A19  was  placed  in  the  lower  compartment  with  OTA. 

plasma  proteins.  The  efficacy  was  higher  when 
A19  was  present  in  plasma  prior  to  OTA  and 
decreased  when  the  toxin  concentrations  in¬ 
creased.  A19  was  also  capable  of  displacing  OTA 
from  blood  plasma  proteins. 

5.3.  Effects  of  A 19  on  OTA-induced 
nephrotoxicity  in  rats 

Several  parameters  have  been  investigated  to 
evaluate  the  nephrotoxicity  of  OTA  and  the 
protective  effects  of  A19.  These  were  enzymuria, 
proteinuria,  glucosuria.  In  all  cases  beneficial 


effects  of  A19  have  been  observed.  An  example 
is  given  in  Table  3  for  enzymuria. 

5.4.  Effect  of  A 19  on  OTA  elimination  from 
kidney 

The  efficacy  of  A19  to  eliminate  OTA  from 
the  body  and  mainly  from  the  kidney  has  been 
investigated.  One  group  of  animals  treated  for  6 
weeks  with  OTA  (289  /rg/kg/48  h)  was  after¬ 
wards  treated  with  A19  (25  mg/kg/48  h)  and 
compared  to  those  treated  with  OTA  alone.  The 
results  showed  lower  blood  and  kidney  tissue 
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Table  3 

Influence  of  A19  on  the  variations  of  enzymatic  activities  in  urine  of  rats  treated  for  6  weeks  with  OTA  (289  /r s/kg/48  h) 
combined  with  A19  (25  pgl kg/48  h) 


Animal  groups 

yGT 

LDH 

LAP 

PAL 

(IU/1) 

%  Increase 

Activity  (IU/1) 

%  Increase 

Activity  (IU/1) 

%  Increase 

Activity  (IU/1) 

%  Increase  Activity 

Controls 

19  ±  4 

- 

15  ±2 

_ 

2  ±  0.4 

25  ±  5 

NaHCO, 

19  ±3 

- 

17  ±3 

- 

3  ±  0.5 

29  ±  4 

OTA 

33  ±  6* 

73 

28  ±  8*** 

64 

5  ±  1.1* 

66  72  ±  8* 

148 

OTA  +  A19 

23  ±  3**-**+* 

21 

22  ±  2:f;*-***** 

29 

4  ±  0.7**-***** 

33  48  ±6*-* 

*** 

65 

A 19  alone  does  not  induce  any  change. 

*  Significantly  different  from  animals  treated  with  NaHCO,.  P<0.01. 

**  Not  significantly  different  from  animals  treated  with  NaHCO,,  PCO.OL 
***  Not  significantly  different  from  animals  treated  with  NaHCO,,  P  <0.01. 
****  Significantly  different  from  animals  treated  with  OTA  alone.  P  <0.01. 
*****  fsjot  significantly  different  from  animals  treated  with  OTA  alone.  Pc  0.01 


Table  4 

Attempt  of  curative  treatment  with  A19 


OTA  concentrations  (^ug/ml) 

Day  0  of  curative  treatment 

Day  10  of  curative  treatment 

OTA  for  6  weeks  and  NaHCO,  for  10  days 

OTA/6  weeks  and  A 19/ 10  days 

3.61  ±0.72 

1.01  ±0.34 

0.48  ±0.11* 

Influence  of  A19  on  the  OTA  blood  levels  in  rats  treated  for  6  weeks  with  the  toxin  (289  pgl kg/48  h)  and  then  for  10  davs  with 
A19  (25  mg/kg). 

^Significantly  different  from  animals  treated  with  NaHCO,  (P<0.01). 


OTA  concentration 


OTA  alone  for  6  weeks  OTA  alone  for  6  weeks 
NaHC03  for  10  davs  A19  for  10  days 


a  Significantely  different  from  OTA  -  NaHC03,  p<  0.01 

Fig.  1.  Attempt  of  curative  treatment  with  A19.  Influence  of 
A19  on  the  concentration  of  OTA  in  the  kidney  of  rats 
treated  for  6  weeks  with  OTA  (289  /rg/ kg/48  h),  then  with 
A19  (25  mg/kg)  for  10  days. 


concentrations,  after  10  days  treatment  (Table  4, 
Fig.  1). 


6.  Proposed  mechanism  of  action  of  A19 

A19  is  absorbed  from  stomach  and  intestine 
into  the  blood  both  under  the  unchanged  (10- 
12%  of  the  given  dose)  and  cleaved  form  (aspar¬ 
tate  and  Phe  mainly). 

The  cleavage  is  time  dependent.  That  gives 
rise  to  a  pool  of  Phe  which  is  much  more  slowly 
cleared  from  the  body  than  the  one  provided  by 
food  proteins. 

The  so  provided  Phe  plays  most  probably  a 
role  as  detoxicating  agent  (prevention  of  protein 
synthesis  inhibition  induced  by  OTA  etc.). 

The  unchanged  A19  (10-12%  of  the  given 
dose)  (which  is  much  more  than  OTA  concen¬ 
trations  in  the  body  in  case  of  natural  contamina¬ 
tion)  prevents  OTA  binding  to  plasma  proteins, 
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enhances  OTA  elimination,  enhances  OTA  me¬ 
tabolism,  especially  to  less  toxic  and  genotoxic 
metabolites. 

All  these  results  confirmed  decreasing  OTA 
distribution  in  organs  such  as  kidney,  brain,  liver 
and  testicles  and  finally  the  prevention  of  OTA- 
induced  nephrotoxicity  and  genotoxicity. 


7.  Conclusions 

OTA  is  a  concern  of  public  health  by  the 
consumption  of  contaminated  food.  The  kidney 
is  its  main  target  tissue  but  OTA  is  distributed  in 
all  organs  and  produces  in  these  tissues  many 
chronic  toxic  effects,  the  more  significant  in 
terms  of  danger  to  health  being  nephrotoxicity, 
genotoxicity  and  carcinogenicity. 

Since  it  seems  impossible  to  prevent  tox- 
inogenic  fungi  from  growing  and  producing 
mycotoxins  and  OTA  in  particular,  the  emphasis 
on  detoxication  of  OTA  is  an  important  task 
from  both  medical  and  ethical  points  of  view. 
Among  several  compounds  A19  has  been  iden¬ 
tified  as  a  useful  substance,  as  a  structural  ana¬ 
logue  of  both  Phe  and  OTA. 
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Abstract 

CYP3A7  is  a  major  form  of  cytochrome  P450  in  human  fetal  livers.  To  elucidate  toxicological  significance  of 
CYP3A7  in  fetal  livers,  CYP3A7  cDNA  was  introduced  into  Chinese  hamster  lung  (CHL)  cells.  Transformants 
carrying  the  CYP3A7  gene  were  more  sensitive  to  mycotoxins  than  parental  CHL  cells.  In  additional  studies,  we 
established  a  hepatocyte  cell  line  from  CYP3A7-transgenic/p53-knockout  mice.  In  hepatocyte  cells  from  CYP3A7- 
transgenic/p53-knockout  mice,  CYP3A7  mRNA  was  expressed  and  the  catalytic  activity  of  CYP3A7  protein  was 
detected.  The  cells  are  expected  to  show  cytotoxicity  to  mycotoxins  and  teratogens.  These  cell  lines  provide  a 
valuable  panel  for  studying  the  fetal  toxicities  of  chemicals  in  humans. 

Keywords:  Transgene;  Cultured  cells;  Genetically  engineered  cells;  Transgenic  mice 


1.  Introduction 

Cytochrome  P450  (P450)  plays  central  roles  in 
the  activation  and  detoxification  of  a  wide  variety 
of  chemicals  including  carcinogens  and 
teratogens.  Among  molecular  forms  of  P450, 
CYP3A7  is  regarded  as  unique  due  to  the  follow¬ 
ing  properties.  First,  CYP3A7  is  expressed  rather 
specifically  in  human  fetal  livers  [1],  while  in 
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general  little  or  no  detectable  P450  is  present  in 
fetal  livers  of  experimental  animals.  Second,  this 
form  of  P450  catalyzes  the  16a-hydroxylation  of 
dehydroepiandrosterone  3-sulfate,  a  precursor  of 
estriol  known  to  be  excreted  in  urine  of  pregnant 
women  [2].  Third,  CYP3A7  catalyzes  the  meta¬ 
bolic  activation  of  mycotoxins  as  well  as  some 
mutagens  produced  by  protein  pyrolysis  [3,4]. 
Since  the  CYP3A7  enzyme  is  present  as  a  major 
form  of  P450  in  human  fetal  livers  [5],  it  is  likely 
to  be  one  of  the  causal  enzymes  responsible  for 
carcinogenicity  and  teratogenicity  of  chemicals. 
Research  using  human  fetal  liver  may  facilitate 
our  understanding  of  the  toxicological  roles  for 
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this  cytochrome.  However,  the  use  of  human 
fetal  liver  is  currently  very  limited  for  ethical 
reasons. 

Thus,  this  study  was  undertaken  to  establish 
cell  lines  expressing  CYP3A7  to  further  clarify 
the  toxicological  significance  of  this  enzyme  in 
fetal  liver.  We  established  cell  lines  expressing 
CYP3A7  in  Chinese  hamster  lung  (CHL)  cells 
and  in  hepatocyte  cells  derived  from  CYP3A7- 
transgenic/p53-knockout  mice. 

2.  Advantages  of  genetically  engineered  cells  to 
estimate  the  cell  toxicity  of  metabolites 
produced  by  human  enzymes 

In  conventional  assay  systems,  in  order  to 
assess  the  cytotoxicity  of  metabolites  produced 
by  human  enzymes  it  was  necessary  to  add  crude 
enzyme  sources  including  human  adult  or  fetal 
liver  homogenates  to  the  media  surrounding 
cultured  cells.  In  such  cases,  a  constant  supply  of 
normal  human  liver  samples  is  needed  (Fig.  1). 
Additionally,  active  metabolites,  which  are  gen¬ 
erally  more  chemically  reactive  than  the  parent 
compounds,  may  bind  to  cell  components  exist¬ 
ing  at  the  surface  of  cells.  Thus,  only  a  small 
portion  of  the  active  metabolites  formed  are 
likely  to  penetrate  through  the  cytoplasmic  mem¬ 
branes.  If  cells  expressing  human  enzymes,  par¬ 
ticularly  human  fetal  enzymes,  can  be  estab¬ 
lished,  such  cells  would  offer  a  useful  tool  for 
examining  the  roles  of  human  enzymes  in 


Fig.  1.  Metabolic  activation  of  promutagens  and  toxicological 
testing. 


producing  cytotoxic  metabolites.  In  this  regard, 
we  have  established  a  variety  of  relevant  cell 
lines. 

Another  advantage  of  such  systems  is  that  the 
cells  can  be  supplied  constantly  without  signifi¬ 
cant  changes  in  the  capacity  to  activate  toxicants. 
In  our  study,  cell  lines  exhibited  similar  capacity 
to  activate  aflatoxin  B,  even  after  storage  for  2 
years.  The  disadvantage  in  using  such  genetically 
engineered  cells  may  be  that  the  cells  express 
only  a  limited  number  of  enzymes.  If  new  selec¬ 
tion  markers  are  developed  in  the  future,  then 
transformation  with  increasing  number  of 
cDNAs  will  be  possible,  resulting  in  improved 
and  perhaps  more  accurate  estimation  of  toxicity 
in  humans. 

3.  Establishment  of  a  CYP3A7  cell  line  and  its 
application  to  toxicological  testing 

Among  cell  lines  we  have  established,  a  line 
expressing  CYP3A7  was  expected  to  be  a  valu¬ 
able  tool  since  CYP3A7  is  expressed  specifically 
in  human  fetal  livers  and  since  aflatoxin  Bj  is  a 
known  teratogen  in  human  embryos.  In  our 
previous  studies  we  demonstrated  that  CYP3A7 
as  well  as  other  human  CYP3A  enzymes  could 
activate  aflatoxin  B,  [3,4].  Thus,  a  plasmid  con¬ 
taining  the  CYP3A7  or  CYP3A4  cDNA  insert 
downstream  of  SRa  promoter  was  constructed 
and  transfected  to  CHL  cells.  The  expression  of 
the  CYP3A7  or  CYP3A4  mRNA  and  protein 
was  confirmed  by  Northern  and  Western  blot 
analyses,  respectively.  According  to  the  level  of 
expression,  we  selected  clones  7-40  and  4-10  for 
CYP3A7  and  CYP3A4,  respectively,  for  further 
experiments.  Both  clones  exhibited  higher  sen¬ 
sitivity  to  aflatoxin  B ,  as  determined  by  cytotox¬ 
icity  assay  (Fig.  2)  [6].  The  levels  of  cytotoxicity 
of  aflatoxin  B ,  was  nearly  the  same  between  the 
7-40  and  4-10  cells,  indicating  that  the  ability  of 
CYP3A7  and  CYP3A4  enzymes  to  activate  afla¬ 
toxin  B,  was  approximately  equivalent.  The 
activation  of  aflatoxin  Bj  by  the  expressed  en¬ 
zymes  was  confirmed  by  the  following  experi¬ 
ments.  First,  the  effects  of  addition  to  the  culture 
medium  of  a-naphthoflavone  (a-NF),  a  known 
enhancer  of  CYP3A,  was  examined.  If  the 
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Fig.  2.  Cytotoxicity  of  AFB1  in  cells  transfected  with 
CYP3A4  or  CYP3A7  expression  plasmids. 


CYP3A  enzymes  expressed  in  the  transformants 
are  responsible  for  the  activation,  then  the  addi¬ 
tion  of  a-NF  should  result  in  the  enhancement  of 
aflatoxin  B}  activation.  As  shown  in  Fig.  3,  the 
addition  of  a- NF  to  the  culture  medium  resulted 
in  approximately  6-fold  enhancement  of  the 
cytotoxicity  as  calculated  by  IC50  values.  In 
contrast,  the  addition  of  troleandomycin  (TAO), 
a  suicidal  substrate  of  CYP3A  enzymes,  resulted 
in  decreased  cytotoxicity  of  aflatoxin  (Fig.  4). 
Based  on  these  results,  we  confirmed  that  the 
CYP3A7  enzyme  as  well  as  the  CYP3A4  enzyme 
expressed  in  CHL  cells  functioned  as  an  enzyme 
responsible  for  the  activation  of  aflatoxin  Bx. 
These  cell  lines  may  be  useful  tools  for  further 
studies  probing  the  possible  cytotoxicity  of  other 
chemicals. 


CR-119  4-10  7-40 
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Fig.  3.  Enhancement  of  cytotoxicity  of  AFB1  by  a-NF. 
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Fig.  4.  Decrease  of  cytotoxicity  of  AFB1  by  TAO. 


4.  Establishment  of  cell  lines  expressing 
CYP3A7  from  hepatocytes  derived  from 
CYP3A7-transgenic/p53-knockout  mice 

Since  CYP3A7  is  an  enzyme  present  specifical¬ 
ly  in  human  fetal  livers,  it  seemed  important  to 
test  whether  transgenic  mice  carrying  the  gene 
demonstrated  greater  embryo  toxicity  to  known 
toxicants.  For  this  purpose,  we  have  established 
strains  of  transgenic  mice  by  introduction  of  a 
plasmid  containing  CYP3A7  cDNA  downstream 
of  a  mouse  metallothionein  (MT-1)  promoter 
(Fig.  5)  (unpublished).  CYP3A7  protein  was 
expressed  in  various  organs  including  the  liver, 
kidney,  testis  and  other  organs,  depending  on  the 
strains.  Among  the  strains,  the  M-10  line  of  mice 
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Fig.  6.  CYP3A7-transgenic/p53-knockout  mouse. 


expressed  CYP3A7  protein  in  the  liver,  kidney 
and  testis. 

p53  is  a  tumor  suppressor  gene  and  behaves  as 
a  negative  growth  regulator.  Recently,  p53- 
knockout  mice  were  established  by  gene  target¬ 
ing  [7,8].  Fibroblasts  from  the  p53-knockout  mice 
have  been  established  which  have  acquired  im¬ 
mortality  [8,9].  In  fact,  hepatocytes  isolated  from 
p53-knockout  mice  expressed  Cyp3a  mRNA  and 
proteins  for  a  longer  period  of  time  as  compared 
to  the  cells  from  wild  mice  (unpublished). 

Based  on  these  results,  it  was  expected  that 
hepatocytes  derived  from  CYP3A7/p53-knock- 
out  mice  produced  by  mating  of  CYP3A7-trans- 
genic  mice  with  p53-knockout  mice  (Fig.  6) 
might  generate  another  useful  model  system  for 
CYP3A7  expression.  Thus,  the  functional  capaci¬ 
ty  of  CYP3A7  was  examined  in  the  hepatocytes. 
As  shown  in  Table  1,  the  activity  of  CYP3A7  as 
determined  by  propoxycoumarin  0-depropyla- 
tion  was  manifested  only  after  culture  of  the  cells 
in  the  presence  of  zinc  ion,  indicating  that  the 
expression  was  regulated  by  the  MT-1  promoter. 
These  results  further  support  the  idea  that  one 

Table  1 


7-Propoxycoumarin  O-depropylase  activity 


Treatment 

Activity  (pmol/lO6  cells/h) 

None 

N.D. 

ZnCl,  (16  gM) 

18.3 

The  results  expressed  were  the  means  from  2  independent 
experiments.  Immortalized  cells  were  used  for  the  studies, 
subsequent  to  their  maintenance  for  2  months  in  culture. 
N.D.,  not  detectable  (<0.1  pmol). 

None,  DMSO  (0.1%). 


can  produce  immortalized  cells  expressing  de¬ 
sired  enzymes  by  crossing  certain  transgenic  mice 
with  p53-knockout  mice.  In  addition,  cell  lines 
expressing  multiple  enzymes  may  be  possible  to 
engineer  by  crossing  p53-knockout  mice  with 
transgenic  mice  carrying  multiple  enzymes,  them¬ 
selves  produced  by  mating  of  other  transgenic 
mouse  strains. 
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Abstract 

We  have  developed  metabolically  competent  Chinese  hamster  ovary  (CHO)  cells  to  evaluate  the  genotox.city 

(IQ)butlno|e«i|0h2-aniino-l-niethyr6-phenylimida2o[4a-&]pyridine  (PUP). Thi, qrstcm  .Uo»  to.  both  ,o.nt,fymg 

mutagenesis  and  analyzing  the  mutational  spectra  produced  by  heterocyclic  amines. 

Keywords:  DNA  repair;  Mutagenesis;  Metabolic  activation;  Heterocyclic  amines;  PhIP;  IQ _ _ 


1.  Introduction 

1A.  Heterocyclic  amines  in  the  diet 

Diet  is  generally  considered  an  important 
component  in  establishing  cancer  risk,  and  one 
component  is  the  class  of  heterocyclic  amine 
mutagens,  identified  in  cooked  meats,  that  are 
potent  bacterial  mutagens  [1,2].  Several  of  these 
compounds  have  been  shown  to  be  rodent  car¬ 
cinogens  (reviewed  in  [3]).  Among  the 
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heterocyclic  amines  identified  in  cooked  meats 
(not  flame  broiled),  PhIP  (2-amino-l-methyl- 
6-phenylimidazo[4,5-h]pyridine)  and  MelQx 
(2-amino-3,8-dimethylimidazo[4,5-/]quinoxaline) 

have  been  detected  at  the  highest  levels.  PhIP 
(69  ng/g)  and  MelQx  (6.4  ng/g)  were  detected 
in  the  greatest  quantities  in  fried  fish  [4]  and  in 
fried  steak  (48.5  and  8.3  ng/g,  respectively)  [5]. 
PhIP  was  the  major  heterocyclic  amine  formed 
(15  ng/g)  in  fried  hamburgers  [6].  In  a  fried 
Norwegian  meat  patty  with  added  creatine,  PhIP 
(62  ng/g)  and  MelQx  (83  ng/g)  also  were 
detected  in  the  highest  amounts  [7].  Because  of 
the  levels  of  these  compounds  relative  to  other 
heterocyclic  amine  food  mutagens,  PhIP  and 
MelQx  may  be  the  most  relevant  to  cancer  risk. 
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1.2.  Metabolism  and  carcinogenesis 

Since  the  tumorigenic  effects  of  most  chemical 
carcinogens  involve  metabolic  activation  pro¬ 
cesses,  cancer  susceptibility  can  be  highly  depen¬ 
dent  upon  the  makeup  of  both  activation  and 
detoxification  enzymes  within  a  given  tissue.  In 
humans,  interindividual  variation  in  carcinogen 
metabolism  represents  a  potentially  important 
determinant  in  risk  associated  with  exposure  to 
carcinogens  [8].  For  example,  variation  in  the 
activating  potential  of  human  liver  microsomes 
for  N-oxidation  has  been  shown  for  4,4'-methyl- 
ene-bis(2-chloroaniline)  and  4-aminobiphenyl 
[9,10]  as  well  as  for  food-derived  mutagens  such 
as  IQ  (2-amino-3-methylimidazo[4,5-/]quinoline) 
and  MelQx  [11].  In  addition  to  cytochrome  P450 
variation,  human  sulfotransferase  levels  have 
been  shown  to  vary  in  individuals  [12],  and  rates 
of  acetylation  in  humans  vary  considerably  as 
well  (reviewed  in  [13]).  These  variations  may  be 
a  factor  in  cancer  susceptibility.  These  findings 
on  variations  in  activity  of  xenobiotic-metaboliz- 
mg  enzymes  underscore  the  need  for  mechanistic 
studies  that  could  aid  in  evaluating  susceptibility 
of  humans  exposed  to  various  carcinogens. 

l.o.  Heterocyclic  amine  carcinogenesis  and 
mutagenesis 

IQ  and  MelQx  produced  tumors  in  a  variety  of 
tissues  including  the  liver,  lung,  and  intestine  [3]. 
Rats  appeared  to  be  more  susceptible  to  the 
carcinogenic  effects  of  these  compounds  than 
mice.  In  studies  with  cynomolgus  monkeys,  IQ 
produced  hepatocellular  carcinomas  in  100%  of 
the  animals  under  test  at  the  high  dose  (20 
mg/kg)  and  70%  of  the  animals  at  the  lower 
dose  (10  mg/kg)  [14].  PhIP  was  shown  to 
produce  lymphomas  in  mice  [15]  and  tumors  of 
the  breast  and  colon  in  rats  [16],  but  did  not 
produce  the  class-characteristic  liver  tumors  seen 
with  heterocyclic  amines  such  as  MelQx  or  IQ, 
suggesting  that  the  genotoxic  or  metabolic  mech¬ 
anisms  involving  PhIP  are  somewhat  different 
from  that  of  other  heterocyclic  amines.  More¬ 
over,  consistent  with  the  in  vivo  findings, 
genotoxicity  studies  using  CHO  cells  sup¬ 


plemented  with  rat  liver  S9  for  activation  indi¬ 
cated  that  PhIP  behaved  differently;  it  was  more 
potent  than  IQ,  MelQx,  or  MelQ  (2-amino-3,8- 
dimethylimidazo[4,5-/]quinoline)  in  producing 
mutations  and  sister  chromatid  exchanges  even 
though  it  was  much  less  mutagenic  in  the  Sal¬ 
monella  assay  [17].  Recent  studies  in  our  labora¬ 
tory  add  additional  understanding  to  this  initially 
puzzling  result  (see  Results  below).  Furthermore, 
no  activity  was  detected  with  IQ  or  MelQ  in 
Salmonella  TA98/1,8-DNP6,  an  acetyltransfer- 
ase-deficient  strain,  but  PhIP  was  mutagenic  in 
this  strain  [18,19], 

1.4.  PhIP  metabolism 

Heterocyclic  amines  are  activated  to  muta¬ 
genic  forms  via  N-hydroxylation.  Metabolism  of 
PhIP  has  been  characterized  in  cell-free  systems 
including  purified  cytochrome  P450  and  micro¬ 
somal  preparations  [20]  that  converted  PhIP  to  2 
major  metabolites,  the  mutagenic  N-hydroxy- 
lated  intermediate,  2-hydroxyamino-l-methyl-6- 
phenylimidazo [4,5-6 Jpyridine  (A-hydroxy-PhIP) 
and  a  C-hydroxylated  detoxification  product, 

2-amino-l-methyl-6-(4'-hydroxy)phenylimidazo-  * 

[4,5-6]pyridine  (4'-hydroxy-PhIP).  Formation  of 
mutagenic  metabolites  from  PhIP  was  isozyme 
specific;  rabbit  CYPIA2  (cytochrome  P450IA2) 
and  CYPIA1  were  shown  to  convert  PhIP  to 
Salmonella  mutagens  [21].  Likewise,  rat  and 
rabbit  CYPIA1  and  CYPIA2  [20,22]  were  the 
most  active  in  metabolizing  PhIP  to  A-hydroxy- 
PhlP  in  vitro.  CHO  cells  that  express  a  mouse 
CYPIA2  cDNA  (see  Results)  activated  PhIP  to  a 
genotoxic  metabolite(s)  [23].  Human  CYPIA2 
also  activated  heterocyclic  and  aromatic  amines 
to  mutagenic  metabolites  [10,24].  In  isolated  rat 
hepatocytes,  PhIP  was  metabolized  to  A-hy- 
droxy-PhlP,  4'-hydroxy-PhIP,  the  sulfate  conju¬ 
gate  of  4 ' -hydroxy-Ph IP,  and  additional  uniden¬ 
tified  metabolites  [18,25].  All  direct-acting  muta¬ 
genic  activity  in  Salmonella  was  attributed  to 
/V-hydroxy-PhIP.  TV-Hydroxy-PhlP,  but  not  PhIP 
was  genotoxic  in  CHO  cell  preparations  in  the 
absence  of  an  exogenous  metabolizing  system 
[23],  Other  data  suggest  that  while  N-hydroxy¬ 
lation  is  important  in  the  genotoxic  activity  of 
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PhIP,  additional  Phase  II  pathways  involved  in 
conjugation  appear  necessary  for  adduct  forma¬ 
tion  and  mutagenesis  [26]. 

1.5.  Derivation  of  CHO  cells  deficient  in 
nucleotide  excision  repair 

CHO  cells  are  widely  used  because  of  their 
favorable  growth  properties  and  ease  of  use  in 
mutagenesis  studies  [17,27].  They  have  also  been 
valuable  for  isolating  mutant  lines  that  carry 
specific  defects  in  DNA  repair  [28,29],  especially 
for  the  nucleotide  excision  repair  (NER)  path¬ 
way  that  acts  on  UV  photoproducts  and  bulky 
chemical  adducts.  The  CHO  line  UV5  was  pro¬ 
duced  by  chemical  mutagenesis  using  ethyl 
methanesulfonate  [28]  and  is  defective  in  the 
hamster  homolog  of  the  ERCC2  ( XPD )  gene 
[30],  which  is  present  in  a  single  copy  in  all  CHO 
cells.  The  particular  mutation  is  a  single  amino 
acid  substitution  (Cysll6Tyr),  which  abolishes 
the  repair  function  of  the  protein  [31].  Since  the 
ERCC2  protein  appears  to  be  an  essential  pro¬ 
tein  for  transcription  by  RNA  polymerase  II  and, 
therefore,  cell  viability,  this  mutation  must  not 
interfere  with  the  transcription  function  of  the 
protein.  UV5  cells  grow  well  with  a  doubling 
time  of  13  h  compared  with  12  h  for  the  wild- 
type  AA8  line  [28].  The  ERCC2  protein  has  a 
DNA  helicase  activity  [32]  and  is  a  highly  con¬ 
served  member  of  the  TFIIH  transcription  factor 
complex  [33].  TFIIH  is  absolutely  required  for 
the  incision  step  of  NER,  possibly  because  of  its 
helicase  activities  (present  in  ERCC2  as  well  as 
ERCC3  [33])  that  may  unwind  the  damaged 
DNA  segment  before  and/or  after  incision.  UV5 
cells  were  the  starting  line  for  further  genetic 
modification  to  produce  a  sensitive  test  system. 


2.  Results  and  discussion 

2.1.  Expression  of  cytochrome  P450  in  repair 
deficient  / proficient  cells 

Since  bacterial  and  mammalian  mutagenesis 
studies  clearly  indicated  a  requirement  for  oxida¬ 
tive  activation  of  the  heterocyclic  amines  to 


mutagenic  forms,  we  modified  the  UV5  CHO 
cells  by  transfecting  them  with  a  cDNA  expres¬ 
sion  plasmid  carrying  the  mouse  CYPIA2  cDNA, 
which  will  provide  activation  of  both  PhIP  and 
IQ  [34].  Once  we  had  identified  a  clonal  isolate 
that  was  efficiently  expressing  the  cDNA,  we 
restored  the  repair  capacity  by  genetic  reversion 
(see  Fig.  1).  This  approach  gave  a  matched  pair 
of  cell  lines  (UV5P3  and  5P3R2),  which  should 
be  identical  for  CYPIA2  expression  while  differ¬ 
ing  in  repair  capacity.  Thus,  differential  sensitivi¬ 
ty  of  these  cell  lines  to  killing  by  a  given  agent 
can  be  attributed  to  DNA  damage  and  not  some 
other  form  to  toxicity.  Using  the  mouse  CYPIA1 
cDNA,  we  also  produced  a  pair  of  cell  lines 
(UV5P1  and  5P1R1)  that  were  able  to  activate 
polycyclic  aromatic  hydrocarbons  [35]. 

2.2.  Sensitivity  of  P 450-expressing  cells  to  killing 
and  mutagenesis  by  PhIP  and  IQ 

Fig.  2  summarizes  the  sensitivity  of  our  cell 
lines  to  killing  by  PhIP  and  IQ.  We  have  taken  as 
a  measure  of  effective  dose  the  D37  value,  which 
is  the  dose  that  reduced  the  survival  to  37% 
during  a  4-h  exposure  in  the  presence  of  rat  liver 
S9  or  during  a  48-h  exposure  in  the  case  of 
P450-expressing  cells.  In  the  absence  of  S9  frac- 


Wildtype  AA8  CHO  cells 

I  Mutagenesis  with  EMS 
UV5  (repair  deficient) 

\  Transfection  with  P450IA2  cDNA 
UV5P3-3 
I  Subcloning 


UV5P3  Transfection  with  NAT2  or  YG1  cDNA 


t  Reversion  by  EMS  mutagenesis 
|  Irradiation  with  5  J/m2  UV,  2x 

5P3R2  (repair  proficient) 


5P3NAT2,  5P3YG 


;  Isolation  of  repair- 
|  proficient  revertants 


Fig.  1.  Derivation  of  the  cell  lines  used  in  this  study.  AA8 
CHO  cells  are  a  clone  that  is  heterozygous  at  the  aprt  locus 
that  can  be  used  for  measuring  mutations  to  8-azaadenine 
[27].  The  derivation  of  UV5P3  and  5P3R2  was  described 
earlier  [34],  and  the  derivation  of  5P3NAT2  and  5P3YG  was 
recently  performed  using  UV5P3  as  the  starting  material. 
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Fig.  2.  Relative  sensitivity  to  PhIP  and  IQ  of  the  CHO  cell 
lines  indicated  in  Fig.  1.  Sensitivity  is  measured  as  the  Di7 
dose,  i.e.  the  dose  required  to  reduce  the  colony  forming 
ability  to  37%  relative  to  untreated  controls.  The  sensitivity 
of  the  various  cell  lines  to  PhIP  is  shown  in  the  upper  part  of 
the  figure  and  the  sensitivity  to  IQ  in  the  lower.  In  the  case  of 
UV5  and  AA8  cells  exposed  to  IQ  in  the  presence  of  S9  (*), 
the  killing  showed  a  plateau  at  -50%  for  doses  up  to  the 
limit  of  solubility;  therefore,  there  was  no  D37  dose.  With  one 
exception  (AA8  cells  in  the  presence  of  S9  fraction)  cell 
killing  was  always  accompanied  by  significant  mutation  induc¬ 
tion.  Therefore,  doses  that  produced  clear  toxicity  also 
produced  significant  mutagenesis. 


tion,  UV5  cells  showed  no  toxicity  up  to  the 
solubility  limit  for  IQ  (see  Fig.  2  legend).  For 
PhIP,  we  previously  reported  that  UV5  cells  were 
clearly  susceptible  to  killing  and  mutation  induc¬ 
tion  at  the  hprt  locus  mediated  by  rat  liver  S9 
fraction  [17].  However,  UV5P3  cells  were  >  10- 
fold  more  sensitive  than  UV5  in  the  presence  of 
S9  and  were  ~15-fold  more  sensitive  than  the 
repair-proficient  5P3R2  cells  [17,34].  We  detected 
mutation  induction  in  UV5P3  cells  at  PhIP  doses 
as  low  as  0.1  pglmX.  5P3R2  cells  showed  signifi¬ 
cant  but  weak  mutagenesis  at  doses  above  2 
Mg/ml.  In  the  presence  of  S9  fraction,  weak 
mutagenesis  was  also  reported  in  repair-profici¬ 
ent  CHO  cells  at  the  dhfr  locus  and  in  human 
TK6  cells  at  the  tk  and  hprt  loci  [36,37].  The 
cytotoxicity  dose  dependence  of  UV5  and 


UV5P3  cells  exposed  to  A-hydroxy-PhIP  was 
identical,  indicating  that  N-hydroxylation  was  the 
initial  activation  pathway  involved  in  PhIP 
genotoxicity.  Microsomal  preparations  from 
UV5P3  cells,  but  not  UV5  cells,  were  specifically 
shown  to  convert  PhIP  to  A-hydroxy-PhIP  [23]. 

Initially  we  found  that  IQ,  as  an  extremely 
potent  mutagen  in  the  Ames /Salmonella  test, 
was  only  slightly  toxic  to  UV5  and  AA8  cells  in 
the  presence  of  S9  fraction.  A  dose  dependence 
on  repair  was  seen  for  mutagenesis  but  not 
killing  [38],  and  induced  mutations  were  readily 
apparent  only  in  UV5  cells.  P450-expressing 
UV5  cells  showed  greater  sensitivity  (see  Fig.  2) 
[34],  but  still  the  magnitude  of  mutation  induc¬ 
tion  was  low  in  both  UV5P3  and  5P3R2  cells, 
suggesting  that  IQ  was  not  activated  to  the  same 
mutagen  (i.e.  intermediate)  as  in  Salmonella. 

2.3.  Expression  of  acetyltransf erases  relevant  to 
IQ  and  MelQx  metabolism 

Recently,  it  was  found  that  the  expression  of 
A-acetyltransferases  and  O-acetyltransferases  in 
CHL  hamster  cells  rendered  them  more  sensitive 
to  killing  by  IQ  in  the  presence  of  rat  liver 
microsomal  fraction  [39].  Salmonella  O-acetyl- 
transferase  was  more  effective  than  the  human 
A-acetyltransferases  (NAT1  and  NAT2),  induc¬ 
ing  toxicity  and  micronuclei  in  the  range  of  1-4 
yug/ml  IQ.  To  test  the  idea  that  the  important 
missing  activity  in  our  CHO  system  was  acetyl- 
transferase,  we  obtained  plasmids  used  by 
Watanabe  (kindly  provided  by  Drs.  T.  Nohmi 
and  T.  Deguchi),  each  of  which  expresses  acetyl- 
transferase.  Two  of  these  plasmids  were  intro¬ 
duced  into  UV5P3  cells  as  outlined  in  Fig.  1.  The 
resulting  cell  lines,  5P3YG  and  5P3NAT2  (with 
bacterial  and  human  transferases,  respectively), 
proved  to  be  extremely  responsive  to  IQ,  show- 
ing  D37  doses  of  —0.02  pg/mX.  This  sensitivity 
represented  -1000-fold  increase  compared  with 
UV5P3  cells!  There  was  no  significant  difference 
in  sensitivity  between  the  lines  5P3YG  and 
5P3NAT2.  In  parallel  with  the  toxicity,  we  ob¬ 
served  a  similar  shift  in  sensitivity  to  mutagenesis 
and  high  levels  of  mutation  induction  (R.  Wu. 
and  J.  Felton,  unpublished  results),  suggesting 
that  DNA  adducts  were  being  formed  very 
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efficiently  in  the  cells.  Neither  the  5P3YG  or 
5P3NAT2  cell  line  was  more  sensitive  to  PhIP 
than  the  parental  UV5P3  line,  indicating  the  lack 
of  requirement  of  acetyltransferase  activity  in  the 
activation  of  PhIP.  This  result  was  expected 
based  on  the  bacterial  data  from  the  Salmonella 
strains  differentially  expressing  O -acetyltransfer¬ 
ase.  In  summary,  the  behavior  of  the  transferase¬ 
expressing  lines  with  PhIP  and  IQ  was  quali¬ 
tatively  similar  to  that  of  the  Ames /Salmonella 
reversion  assay,  in  which  IQ  is  —100-fold  more 
potent  than  PhIP.  5P3NAT2  cells  showed  about  a 
10-fold  difference  in  potency  for  the  2  com¬ 
pounds. 

2.4.  Mutational  spectrum  with  PhIP  in  UV5P3 
cells 

The  cell  lines  we  have  used  are  well  suited  to 
detailed  mutagenesis  studies  because  mutations 
can  be  analyzed  at  both  the  aprt  and  hprt  loci. 
The  small  aprt  gene  is  especially  convenient,  and 
we  devised  a  method  to  sequence  it  directly  from 
polymerase  chain  reaction  products  [40].  In  an 
initial  study  we  examined  the  spectrum  of  aprt 
mutations  induced  by  PhIP  in  UV5P3  cells.  We 
found  a  very  surprising  result  in  that  most  of  the 
mutations  (75% )  occurred  in  only  3  sites.  All  the 
mutations  were  single-base  transversions;  2  of 
the  3  were  C:G  to  A:T  changes.  This  pattern  is 
reasonable  based  on  the  propensity  for 
heterocyclic  amines  to  bind  guanine.  During 
replication,  the  adducted  G  can  pair  with  A 
instead  of  C  according  to  the  A  rule  for  insertion 
at  non-instructional  sites  [41].  All  3  of  these 
hotspot  mutations  result  in  stop  codons  or  charge 
changes  in  the  protein.  None  of  the  spontaneous 
mutants  had  alterations  at  these  sites  [40].  The 
PhIP-induced  mutations  in  these  repair-deficient 
CHO  cells  were  unique  and  specific,  and  suggest 
that  these  base  sequences  may  be  targets  in  other 
genes  critical  for  carcinogenesis. 


3.  Future  directions 

We  plan  to  further  develop  the  CHO  system  in 
several  respects.  (1)  We  plan  to  isolate  repair- 
proficient  lines  derived  from  cells  that  express 


both  the  CYPIA2  and  acetyltransferase  genes. 
We  can  then  compare  the  efficiency  of  repair  of 
IQ  or  MelQx  adducts  with  the  repair  of  PhIP 
adducts.  We  will  attempt  to  relate  any  significant 
differences  in  repair  to  differences  in  mutagen¬ 
esis  and  carcinogenesis.  (2)  For  analysis  of  muta¬ 
tional  mechanisms,  we  plan  to  examine  the 
mutational  spectrum  produced  by  PhIP  in  repair 
proficient  cells.  Preliminary  results  suggest  that 
there  are  major  differences  and  that  the  hotspots 
are  not  detected,  which  suggests  that  repair  is 
extremely  important  in  determining  the  final 
spectrum  of  mutagenic  adducts  in  normal  cells. 
(3)  Studies  are  needed  on  MelQx,  which  is  more 
relevant  in  terms  of  human  exposure  in  the 
Western  diet,  to  see  if  it  behaves  similarly  to  IQ 
in  terms  of  adduct  repair  and  mutagenic  potency. 
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Abstract 

Recent  advances  in  our  understanding  of  the  toxicodynamic  events  that  follow  infliction  of  injury  have  helped  us 
to  bridge  the  link  between  the  tissue  injury  and  the  final  outcome  of  that  injury.  In  addition  to  infliction  of  tissue 
injury  toxic  chemicals  induce  a  biological  compensatory  response  of  tissue  repair  intended  to  overcome  tissue 
injury  through  healing.  Since  stimulation  of  tissue  repair  is  a  simultaneous  response  accompanying  injury, 
measuring  this  response  in  addition  to  quantifying  injury  might  be  helpful  in  tomorrow’s  risk  assessment.  Studies 
with  model  hepatotoxicants  such  as  thioacetamide  and  CC14,  where  tissue  repair  as  well  as  injury  were  measured, 
reveal  that  endogenous  mechanisms  that  drive  the  tissue  repair  response  are  responsible  for  more  than  just 
compensation  for  tissue  injury.  Up  to  a  threshold  dose,  tissue  repair  is  stimulated  in  a  dose-dependent  manner  and 
above  this  threshold  it  is  both  delayed  and  diminished.  During  this  delay,  tissue  injury  progresses  unabated  leading 
to  tissue  destruction  and  animal  death.  While  dose-related  stimulation  of  tissue  repair  leads  to  recovery,  delayed 
and  diminished  tissue  repair  seen  at  the  high  doses  leads  to  tissue  destruction  and  animal  death.  These  findings 
impact  on  the  currently  used  maximum  tolerated  doses  (MTDs)  in  cancer  bioassays.  MTDs  represent  maximal 
stimulation  of  cell  proliferation  thereby  enhancing  the  likelihood  of  errors  in  DNA  replication.  Measuring  tissue 
repair  and  injury  as  simultaneous  biological  responses  to  toxic  agents  might  increase  the  usefulness  of  dose- 
response  paradigms  in  risk  assessment. 

Keywords:  Tissue  repair;  Chlordecone;  Carbon  tetrachloride;  Dose-response  for  tissue  repair;  Thioacetamide; 
Maximum  tolerated  doses;  Risk  assessment 


1.  Introduction 

A  major  issue  in  risk  assessment  is  the  mech¬ 
anistic  basis  for  quantitative  assessment  of  risk 
from  exposure  to  single  or  combinations  of 
chemicals.  Of  particular  interest  in  public  health 
is  the  risk  from  exposure  to  chemicals  at  en¬ 
vironmentally  relevant  levels.  While  we  have 
made  enormous  progress  during  the  last  few 
decades  in  our  understanding  of  the  mechanisms 
by  which  toxic  chemicals  initiate  injury,  our 
understanding  of  the  toxicodynamic  mechanisms 


that  occur  in  the  tissues  after  the  infliction  of 
injury  has  lagged  considerably. 

Work  with  2  chemicals  as  the  simplest  exam¬ 
ples  of  mixture  toxicology  has  enabled  scientists 
to  uncover  mechanistic  aspects  of  the  toxicolo¬ 
gy  of  single  as  well  as  mixtures  of  chemicals. 
One  such  model,  where  prior  dietary  exposure 
to  a  nontoxic  level  (10  ppm)  of  the  pesticide 
chlordecone  (Kepone®)  results  in  a  67-fold  am¬ 
plification  of  CC14  lethality  in  rats  has  been 
well  studied  [1-3].  Examples  of  toxic  interac¬ 
tions  where  the  interactive  toxicity  does  not 
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Table  1 

Mechanism  of  chemical  interactive  hepatoloxicity  in  relation  to  its  consequence  to  animal  survival /death 


Interaction 


( 1 )  Chlordecone-potcntiated  CC14 
toxicity 

(2)  Phenobarbital-potcn  tinted 
CCI4  toxicity 

(3)  Isopropanol-potentiated  CCI4 
toxicity 

(4)  Dibenamine  and  CCI4 


Mechanism  of  infliction  of  Effect  on  tissue  repair 

liver  injury 

CC14  bioactivation  is  slightly  Tissue  repair  is  suppressed 
increased 

CC14  bioactivation  is  Tissue  repair  is  increased 

considerably  increased 

CCI4  bioactivation  is  Tissue  repair  is  increased 

considerably  increased 

CC1.1  bioactivation  is  slightly  Tissue  repair  is  increased 
decreased 


Consequence  to  animal 
survival /death 

Animals  do  not  survive 
Animals  survive 
Animals  survive 
Animals  survive 


have  a  consequence  on  animal  survival  are  also 
known  (Table  1).  For  example,  prior  exposure 
to  phenobarbital  and  subsequent  exposure  to 
very  low  levels  of  CC14,  chloroform  or  bromo- 
trichloromethane  results  in  highly  increased 
liver  injury  [4].  However,  this  highly  exagger¬ 
ated  liver  injury  does  not  lead  to  increased 
lethality  in  exposed  animals.  Likewise,  prior 
exposure  to  alcohols  is  known  to  result  in  high¬ 
ly  increased  liver  injury  of  halomethane  com¬ 
pounds  [5,6].  Of  mechanistic  interest  here  is  the 
observation  that  exposure  to  a  homologous 
series  of  alcohols  up  to  3  carbon  length  leads 
to  increased  liver  injury,  without  leading  to 
increased  animal  lethality  [7].  Therefore,  it  ap¬ 
pears  that  this  class  of  interactive  toxicity  and 
the  mechanisms  underlying  these  interactions 
are  different  in  comparison  to  the  first  class  of 
interactions  described  above.  The  mechanisms 
responsible  for  animal  survival  in  spite  of  high¬ 
ly  exaggerated  liver  injury  are  only  now  becom¬ 
ing  known  [8,9].  A  third  type  of  interaction  is 
represented  by  prior  exposure  to  dibenamine 
which  results  in  protection  against  CC14  hepato- 
toxicity  and  lethality  [10].  Although  all  of  the 
information  is  not  available,  it  appears  that  in 
addition  to  decreased  bioactivation  of  CCI4  that 
results  in  decreased  infliction  of  injury,  in  this 
model  increased  tissue  repair  also  seems  to 
play  a  role  (Table  1)  in  rescuing  the  animals 
from  death. 

2.  Examples  of  toxicity  models  where  tissue 
repair  is  of  critical  importance 

The  mechanism  underlying  the  chlordecone- 
amplified  toxicity  of  halomethanes  was  extensive¬ 


ly  investigated  during  the  1980s  [1,12-14].  Close 
structural  analogs  of  chlordecone  such  as  mirex 
and  photomirex  do  not  have  the  propensity  of 
chlordecone  in  this  regard.  While  phenobarbital 
and  halomethane  combination  results  in  highly 
increased  liver  injury,  even  more  than  that  ob¬ 
served  with  chlordecone  and  halomethanes,  this 
injury  is  of  no  consequence  to  animal  survival. 
Also,  after  extensive  investigation,  it  became 
apparent  that  neither  enhanced  bioactivation  of 
CC14,  increased  lipid  peroxidation  nor  a  combi¬ 
nation  of  these  2  mechanisms  and  a  variety  of 
other  considerations  related  to  the  initial  event 
of  infliction  of  injury,  can  explain  the  highly 
amplified  nature  of  the  chlordecone  + 
halomethane  interactive  toxicity  [1,4]. 

Additional  studies  led  to  the  discovery  that 
ordinarily  a  low  dose  of  halomethane  such  as 
CC14  is  nonlethal  because  of  stimulated  tissue 
repair  that  occurs  simultaneously  when  the  initial 
events  inflict  liver  injury.  It  was  found  that 
maximal  liver  injury  occurs  at  a  different  time 
when  CC14  is  administered  at  low  doses  in 
comparison  to  the  maximal  time  of  injury  when 
much  higher  doses  are  administered  [1].  Sub¬ 
sequent  studies  have  revealed  that  the  recovery 
from  injury  inflicted  by  a  low  dose  of  CC14, 
chloroform,  or  bromotrichloromethane  is  due  to 
the  stimulation  of  cell  division  that  occurs  in  2 
phases  [1,4].  First,  an  early  burst  of  cell  division 
occurs  as  early  as  6  h  after  CC14  administration 
with  a  second,  larger  wave  of  cell  division  occur¬ 
ring  36-48  h  after  administration  of  CC14.  It  is 
clear  that  the  early  burst  of  cell  division  is  due  to 
the  mobilization  of  a  small  number  of  hepat- 
ocytes  which  are  present  normally  in  the  liver  in 
G2  phase  [14,15].  If  the  animals  were  exposed  to 
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food  contaminated  with  10  ppm  chlordecone  for 
15  days  prior  to  the  administration  of  a  single 
low  dose  of  CC14  (100  ^1/kg,  i.p.)  the  early  phase 
of  cell  division  was  abolished.  It  is  known  that 
during  cell  division  a  number  of  growth  factors 
and  proto-oncogenes  are  overexpressed  and 
these  products  of  gene  expression  profoundly 
influence  by  facilitating  division  of  other  cells  in 
the  tissue  [16-19].  Therefore,  if  the  early  phase 
of  cell  division  does  not  occur  the  mechanism 
and  signals  necessary  to  ‘prime’  the  neighboring 
cells  would  be  unavailable.  This  results  in  pro¬ 
gression  of  injury  due  to  lack  of  a  biological 
mechanism  to  restrain  injury  [20].  By  24-36  h 
while  the  second  phase  of  cell  division  does 
occur,  in  the  face  of  the  unrestrained  progression 
of  injury,  this  tissue  repair  becomes  far  too  little 
and  too  late  to  restrain  the  accelerated  pro¬ 
gression  of  injury.  It  is  now  known  that  the 
reason  for  failed  early  phase  cell  division  in 
animals  receiving  the  combination  of  chlor¬ 
decone  and  CC14  is  the  lack  of  cellular  energy 
[21].  At  6  h  after  CC14  administration  the  avail¬ 
able  ATP  is  precipitously  decreased  in  the  livers 
of  rats  receiving  chlordecone  and  CC14  combina¬ 
tion  thereby  incapacitating  the  cells  from  divid¬ 
ing.  Based  on  experiments  in  which  the  external 
sources  of  energy  were  provided,  availability  of 
cellular  energy  results  in  restoration  of  the  early 
phase  cell  division,  and  the  animals  survive 
[1,21]. 

2.1.  Toxicological  interactions  leading  to 
increased  liver  injury  but  not  increased  death 

Exposure  to  higher  levels  of  phenobarbital  but 
the  same  low  level  of  CC14  results  in  almost  twice 
as  much  liver  injury,  but  this  does  not  lead  to 
increased  animal  mortality  [22].  Depletion  of 
ATP  does  not  occur  in  these  livers  [23,24], 
Therefore,  the  only  consequence  of  this  highly 
toxic  liver  injury  is  to  postpone  the  early  phase 
cell  division  until  24  h.  However,  the  second 
phase  of  cell  division  is  greatly  stimulated  [24].  In 
combination,  this  wave  of  highly  stimulated  cell 
division  and  tissue  repair  leads  to  systematic 
restoration  of  hepatolobular  structure,  and  func¬ 
tion,  followed  by  full  animal  recovery.  Studies 
with  methanol,  ethanol  and  isopropanol-poten¬ 


tiated  CC14  liver  injury  have  revealed  that  while 
liver  injury  of  CC14  is  increased,  this  does  not 
lead  to  higher  mortality  [7,25].  Recent  studies 
with  isopropanol-potentiated  CC14  liver  injury 
reveal  the  reason  behind  this.  While  exposure  to 
isopropanol  results  in  increased  bioactivation  of 
CC14  that  expectedly  leads  to  higher  infliction  of 
higher  liver  injury,  simultaneously,  a  highly 
stimulated  tissue  repair  works  to  restrain  liver 
injury  on  the  one  hand  and  to  restore  hepato¬ 
lobular  structure  and  function  on  the  other, 
leading  to  recovery  from  injury  and  animal 
survival  [8,9].  While  many  toxic  chemicals  are 
known  to  stimulate  cell  division  and  tissue  repair 
[26],  the  above  2  examples  of  chemical  interac¬ 
tions  illustrate  the  importance  of  stimulated 
tissue  repair  and  the  dynamic  interaction  be¬ 
tween  the  2  opposing  forces  that  determine  the 
ultimate  outcome  of  toxic  injury  (Table  1). 

Regardless  of  the  mechanisms  that  lead  to 
infliction  of  tissue  injury,  the  biological  events 
that  occur  beyond  that  step  determine  whether 
the  progression  or  regression  of  that  injury  will 
occur,  which  in  turn  determines  the  ultimate 
outcome.  Thus,  if  tissue  repair  is  permitted  to 
occur,  injury  is  restrained,  tissue  structure  and 
function  are  restored  and  animal  recovery  oc¬ 
curs.  On  the  other  hand,  if  tissue  repair  is 
blocked,  unrestrained  progression  of  injury  leads 
to  further  deterioration  of  the  tissue  and  ability 
to  survive.  While  the  above  2  examples  depict  2 
ends  of  the  spectrum  of  the  role  played  by  tissue 
repair,  other  examples  that  fall  in  between  this 
spectrum  might  also  emerge.  For  example,  recent 
studies  with  dibenamine  +  CC14  interaction  sug¬ 
gest  (Table  1)  that  both  decreased  bioactivation 
as  well  as  increased  tissue  repair  might  play  a 
role  in  rescuing  the  animals  from  CCl4-induced 
lethality  [27]. 

2.2.  Stimulation  of  tissue  repair  is  a  function  of 
animal  species  / strains 

What  do  we  know  about  the  ability  of  chemi¬ 
cals  to  induce  cell  division  and  tissue  repair? 
While  many  chemicals  are  known  to  induce 
tissue  repair  [26],  they  differ  in  their  ability  to 
stimulate  cell  division  and  tissue  repair  with 
regard  to  the  magnitude  of  the  response.  The 
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time  at  which  the  cell  division  is  stimulated  may 
also  be  a  function  of  the  chemical  characteristics, 
although  this  is  also  known  to  be  dependent  on 
the  animal  characteristics  such  as  animal  species 
[28,29]  and  age  [30,31].  Species  and  strain  differ¬ 
ences  in  the  extent  to  which  tissue  repair  is 
stimulated  after  exposure  to  toxicants  are 
thought  to  play  a  significant  role  in  the  species 
and  strain  sensitivity  to  toxicants  [10,28,32,33]. 

3.  Tissue  repair  is  the  key  to  animal  survival  in 
autoprotection  and  heteroprotection  models 

If  stimulated  tissue  repair  is  critical  for  animal 
survival  upon  administration  of  a  toxic  chemical 
at  a  lethal  dose,  one  should  be  able  to  protect 
animals  from  the  lethal  action  of  an  ordinarily 
lethal  dose  by  pre-placing  tissue  repair  induced 
by  a  low  dose  of  the  same  compound.  Recent 
studies  have  revealed  that  CC14  autoprotection  is 
due  to  the  stimulation  of  cell  division  and  tissue 
repair  induced  by  a  priming  low  dose  of  CC14 
administered  24  h  prior  to  the  administration  of 
the  lethal  challenge  dose  [1,34,35].  Antimitotic 
intervention  with  the  stimulation  of  tissue  repair 
by  the  priming  dose  with  colchicine  leads  to 
abolition  of  autoprotection  [36,37].  In  these  ex¬ 
periments,  neither  bioactivation  nor  the  metabo¬ 
lism  and  disposition  of  CC14  were  affected  [20]. 
Exposure  to  phenobarbital  is  known  to  postpone 
the  early  phase  of  cell  division  to  24  h  [22].  If 
stimulated  cell  division  is  the  primary  mechanism 
responsible  for  CC14  autoprotection,  administra¬ 
tion  of  the  priming  dose  in  phenobarbital-in- 
duced  animals  should  lead  to  a  postponement  of 
maximal  autoprotection  by  approximately  24  h. 
Autoprotection  experiments  with  phenobarbital- 
induced  animal  models  revealed  that  maximal 
autoprotection  was  delayed  by  24  h  in  com¬ 
parison  to  autoprotection  in  naive  animals  [34]. 
These  experiments  also  suggested  that  destruc¬ 
tion  of  cytochrome  P450  by  the  priming  dose  of 
CC14  was  not  the  primary  mechanism  of  auto¬ 
protection.  The  discovery  of  stimulated  tissue 
repair  as  the  underlying  mechanism  of  CC14 
autoprotection  has  far-reaching  implications  in 
toxicology  of  chemical  combinations  and  chemi¬ 
cal  mixtures.  It  was  of  interest  to  investigate  if 
the  same  mechanism  could  explain  autoprotec¬ 


tion  of  other  structurally  and  mechanistically 
dissimilar  chemicals.  The  mechanism  for 
thioacetamide  autoprotection  is  also  stimulated 
cell  division  and  tissue  repair  by  the  priming  dose 
of  thioacetamide  [38].  The  mechanism  of  2- 
butoxyethanol  autoprotection  is  due  to  increased 
appearance  of  newly  formed  red  blood  cells  in 
the  animal  models  [39].  Therefore,  work  with 
structurally  diverse  model  toxicants  known  to 
inflict  tissue  injury  by  equally  diverse  mecha¬ 
nisms  points  to  the  critical  importance  of  tox¬ 
icant-stimulated  tissue  repair  in  recovery  from 
even  massive  injury  [1], 

3.1.  Mechanism  of  heteroprotection 

The  above  experiments  suggested  that  it 
should  be  possible  to  protect  animals  from  a 
lethal  dose  of  a  compound  by  pre-placing  stimu¬ 
lated  tissue  repair  using  a  small  dose  of  any  toxic 
chemical.  Studies  in  which  a  low  dose  of 
thioacetamide  was  employed  to  pre-place  stimu¬ 
lation  of  cell  division  have  confirmed  this  possi¬ 
bility.  Rats  receiving  a  lethal  dose  of  acetamino¬ 
phen  36  h  after  administration  of  thioacetamide 
(50  mg /kg)  are  fully  protected  from  acet¬ 
aminophen-induced  lethality  [40].  Detailed 
studies  revealed  that  neither  the  disposition  of 
acetaminophen  nor  the  bioactivation  and  inflic¬ 
tion  of  acetaminophen  liver  injury  are  affected 
by  prior  treatment  with  thioacetamide.  Pre¬ 
placed  stimulated  tissue  repair  appears  to  sustain 
continued  tissue  repair,  restrain  acetaminophen- 
induced  liver  injury  and  enable  the  animals  to 
recover  from  normally  lethal  doses  of  acetamino¬ 
phen  [40]. 

These  findings  have  been  pivotal  in  gaining 
new  insights  into  biological  events  that  appear  to 
follow  infliction  of  tissue  injury.  While  the  mech¬ 
anisms  that  inflict  injury  have  represented  most 
significant  advances  in  toxicology,  these  new 
findings  are  likely  to  help  toxicologists  to  break 
new  ground. 

4.  Toxicant-inflicted  injury  and  stimulated  tissue 
repair  are  opposing  toxicodynamic  forces  in 
predictive  toxicology 

The  above  examples  suggest  that  injury  and 
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tissue  repair  are  simultaneous  but  opposing  par¬ 
allel  responses  to  administration  of  toxic  chemi¬ 
cals.  A  dose-response  relationship  that  encom¬ 
passes  the  characteristics  of  exposure  and  the 
spectrum  of  effects  in  a  correlative  manner  is  the 
most  fundamental  concept  of  toxicology.  This 
concept  is  used  in  predictive  toxicology  and 
consequently  is  a  very  basic  principle  used  in  risk 
assessment.  If  stimulated  cell  division  and  tissue 
repair  are  critical  in  predicting  the  ultimate 
outcome  of  toxic  injury,  then  in  addition  to 
measuring  injury  in  response  to  increasing  doses 
of  chemicals,  it  would  also  be  advantageous  to 
measure  the  simultaneous  but  opposing  response 
of  stimulated  tissue  repair.  This  shifting  dose- 
response  paradigm  would  be  more  precise  and 
accurate  in  predicting  the  final  outcome  of  toxic 
injury.  However,  if  in  developing  dose-response 
relationships  for  toxic  chemicals,  we  measure 
only  toxic  injury  against  a  series  of  increasing 
doses,  this  information  may  be  incomplete  and 
may  lead  to  erroneous  predictions.  To  test  the 
hypothesis  that  measuring  both  important  and 
critical  players  (injury  and  tissue  repair)  that 
seem  to  dynamically  interact  in  an  opposing 
manner  would  yield  a  more  valuable  dose-re¬ 
sponse  paradigm,  we  conducted  some  studies 
with  model  hepatotoxicants  [41,42]. 

4.1.  Dose-response  studies  with  thioacetamide 

For  dose-response  studies  with  thioacetamide, 
a  12-fold  dose  range  was  selected  (50,  150,  300 
and  600  mg  /kg,  i.p.).  The  first  3  doses  of 
thioacetamide  were  known  to  cause  centrilobular 
hepatotoxic  injury,  but  if  left  alone  these  animals 
survive.  Rats  injected  with  the  highest  dose  (600 
mg  /kg,  i.p.)  fail  to  survive.  This  allows  sufficient 
spread  of  time-course  to  carefully  study  the 
progression  of  each  of  the  2  critical  events.  These 
studies  revealed  that  after  administration  of  a 
6-fold  dose  range  (50,  150,  and  300  mg/kg), 
maximal  liver  injury  was  evident  at  24  h  after 
injection  of  thioacetamide.  Most  interestingly, 
the  injury  associated  with  all  3  doses  was  identi¬ 
cal  at  12  and  24  h.  In  other  words,  a  dose-related 
difference  in  liver  injury  as  assessed  by  elevation 
of  alanine  aminotransferase  (ALT)  or  sorbitol 
dehydrogenase  (SDH)  was  not  evident.  After 


experiencing  sustained  liver  injury  during  the 
ensuing  24  h,  the  animals  recovered  from  this 
injury  by  72  h.  Histopathologicai  examination  of 
liver  sections  revealed  peak  hepatocellular  ne¬ 
crosis  around  24  h  and  by  72-96  h  there  was  no 
evidence  of  liver  injury.  All  of  these  animals  go 
on  to  survive  the  challenge  of  thioacetamide. 
Rats  receiving  the  highest  dose  (600  mg  /kg) 
experienced  much  less  liver  injury  at  12  h  in 
comparison  to  the  3  lower  doses,  reached  com¬ 
parable  injury  as  the  other  3  doses  by  24  h,  and  a 
more  or  less  sustained  level  of  injury  over  the 
next  24  h.  It  was  not  until  after  48  h  that  this 
group  of  rats  experienced  a  dramatic  increase  in 
hepatotoxic  injury.  This  injury  progressed 
through  96  h  and  thereafter  within  the  next  3 
days  all  of  these  animals  experienced  mortality 

[41]- 

Stimulation  of  tissue  repair  associated  with 
administration  of  thioacetamide  was  measured 
by  [ 3 H]  thymidine  incorporation  in  hepatocellular 
nuclear  DNA  over  the  same  time-course  em¬ 
ployed  for  assessment  of  liver  injury.  Stimulation 
of  cell  division  and  cell  cycle  progression  were 
measured  also  by  immunohistochemical  analysis 
of  proliferating  cell  nuclear  antigen  (PCNA). 
With  the  6-fold  dose  range  (50,  150,  and  300 
mg  /kg),  with  each  increment  in  dose,  there  was 
an  incremental  stimulation  of  S  phase  synthesis 
as  assessed  by  [3H]thymidine  incorporation. 
While  the  lowest  dose  (50  mg  /kg)  stimulated  S 
phase  synthesis  with  a  peak  at  36  h  after  adminis¬ 
tration,  a  3-fold  higher  dose  resulted  in  higher 
stimulation  at  36  h  and  sustained  at  48  h.  The  300 
mg  /kg  dose  of  thioacetamide  yielded  a  higher 
peak  stimulation  of  S  phase  synthesis  but  not 
until  48  h.  While  there  was  an  increment  in  the 
stimulation  of  tissue  repair  with  each  higher 
dose,  as  the  dose  increased,  there  appeared  to  be 
a  delay  in  the  time  at  which  the  maximal  stimula¬ 
tion  of  tissue  repair  occurred  [41].  While  there 
was  no  significant  difference  between  the  3  doses 
in  liver  injury,  stimulated  tissue  repair  differed 
markedly  among  the  3  doses.  Rats  receiving  the 
highest  dose  of  thioacetamide  (600  mg/ kg)  did 
not  show  any  stimulation  of  tissue  repair  until  72 
h.  And  then  this  response  was  greatly  attenuated. 
Therefore,  it  appeared  that  very  high  doses  of 
thioacetamide  resulted  in  much  delayed  and 
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greatly  diminished  stimulation  of  tissue  repair.  It 
should  be  recalled  that  the  injury  greatly  acceler¬ 
ates  in  rats  receiving  this  dose  at  about  48  h  after 
its  administration.  This  suggests  that  in  the  ab¬ 
sence  of  stimulation  of  tissue  repair,  unrestrained 
progression  of  injury  occurs  indicating  that  tissue 
repair  stimulation  is  too  little  and  too  late  to 
rescue  these  animals  from  progression  of  liver 
injury.  Detailed  analysis  of  liver  sections  by 
PCNA  immunohistochemical  studies  revealed 
that  the  lower  doses  result  in  very  prompt  cell 
cycle  progression  leading  to  cell  mitosis  while  the 
highest  dose  does  not.  A  fascinating  observation 
of  this  study  is  the  dynamic  relationship  between 
the  tissue  repair  response  and  the  progression  of 
injury.  It  is  only  after  failure  to  elicit  a  prompt 
tissue  repair  response  that  an  accelerated  pro¬ 
gression  of  liver  injury  becomes  evident  cul¬ 
minating  in  liver  failure  and  death.  Tissue  repair 
due  to  6-fold  dose-range  peaked  between  24  and 
48  h,  but  with  600  mg /kg  it  was  much  delayed 
and  significantly  decreased.  Thus,  a  failure  in 
timely  and  adequate  appearance  of  tissue  repair 
leads  to  an  unrestrained  progression  of  injury  in 
the  animals  receiving  a  dose  beyond  the  thres¬ 
hold  for  stimulation  of  tissue  repair  [41]. 


4.2.  Dose-response  studies  with  carbon 
tetrachloride 

Similar  studies  were  conducted  with  a  40-fold 
dose  range  of  CC14  [42].  The  dose  ranges  used 
for  the  CC14  study  were  0.1,  1,  2,  3,  and  4  ml/kg 
(i.p.).  The  findings  of  this  study  were  also  similar 
to  those  of  the  thioacetamide  study.  Rats  receiv¬ 
ing  4  ml  CCl4/kg  experienced  80%  mortality 
within  4  days.  It  was  routinely  observed  that  20% 
of  the  animals  consistently  survived  this  chal¬ 
lenge  dose.  The  mechanism  that  enables  these 
animals  to  overcome  even  massive  injury  appears 
to  be  an  extraordinarily  high  stimulation  of  cell 
division  as  determined  by  [3H]thymidine  in¬ 
corporation  and  also  by  PCNA  studies  [42]. 
Therefore,  for  the  2  structurally  and  mechanisti¬ 
cally  dissimilar  chemicals,  it  is  possible  to  say 
that  including  a  measure  of  tissue  repair  along 
with  the  measure  of  injury  allows  the  dose-re¬ 


sponse  paradigm  to  predict  quite  accurately  the 
final  outcome  of  toxicant-induced  injury. 

4.3.  Dose-response  relationships  for  injury  and 
tissue  repair 

In  the  classic  dose-response  paradigm,  if  we 
now  also  introduce  the  measure  of  the  tissue 
repair  stimulation  as  the  biological  event  oppos¬ 
ing  injury,  we  obtain  2  sets  of  dose-response 
curves  (Fig.  1).  At  lower  doses,  as  injury  begins, 
there  is  a  simultaneous  but  opposing  tissue  repair 
response  allowing  the  animals  to  overcome  that 
injury.  Predictably,  these  animals  suffer  from 
injury  but  are  rescued  from  progressive  injury 
and  death.  With  higher  doses,  one  reaches  a 
threshold  where  any  additional  increment  in  the 
dose  results  in  2  adverse  effects.  First,  the  stimu¬ 
lation  of  tissue  repair,  which  is  delayed  with  each 
incremental  dose,  is  now  much  too  delayed. 
Second,  the  amplitude  of  the  tissue  repair  re¬ 
sponse  is  diminished.  Therefore,  decreased 
stimulation  of  tissue  repair  results  in  unre¬ 
strained  progression  of  injury  and  animal  death. 
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Fig.  1.  A  typified  dose-response  relationship  between  the  2 
opposing  forces  of  inflicted  injury  and  stimulated  tissue  repair 
upon  exposure  to  a  toxic  chemical.  As  the  dose  increases 
tissue  repair  is  increased  allowing  recovery  from  tissue  injury. 
When  the  dose  exceeds  the  threshold,  tissue  repair  is  at¬ 
tenuated  and  delayed,  allowing  injury  to  progress  in  an 
unrestrained  manner,  leading  to  organ  or  tissue  failure  and 
animal  death.  Quantifying  both  injury  or  adverse  effect  as 
well  as  stimulated  tissue  repair  simultaneously  as  a  dose- 
response  relationship  might  be  helpful  in  assessing  the 
outcome  of  the  interaction  between  these  2  opposing  forces. 
The  dose-response  relationship  can  be  used  to  explain  inter¬ 
individual  differences,  just  as  a  population  response. 
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In  addition  to  the  use  of  the  dose-response  curve 
for  prediction  of  the  ultimate  outcome  in  in¬ 
dividual  subjects,  such  a  response  can  also  be 
used  for  prediction  in  a  population. 

5.  Factors  that  affect  tissue  repair 

A  number  of  factors  are  known  to  affect  the 
extent  to  which  tissue  repair  is  stimulated  upon 
toxicant  exposure.  Among  these  factors  there  are 
those  that  can  be  associated  with  the  chemical 
characteristics  of  the  toxicant.  Then  there  are 
those  that  are  associated  with  the  host  animal 
exposed  to  these  toxic  chemicals.  In  addition  to 
the  structural  features  of  the  toxic  chemical,  the 
mechanistic  features  of  the  toxicant  might  also  be 
involved.  Although  not  much  is  known  in  this 
area,  it  is  known  that  in  general  regardless  of  the 
mechanism  by  which  chemicals  afflict  injury, 
stimulation  of  cell  division  and  tissue  repair 
occur.  Among  the  chemicals  that  are  known  to 
stimulate  tissue  repair  are  galactosamine,  CC14, 
chloroform,  heavy  metals,  bromotrichloro- 
methane,  acetaminophen,  ethylene  dichloride, 
thioacetamide,  dimethylnitrosamine,  and  a  varie¬ 
ty  of  other  chemicals  belonging  to  an  equally 
diverse  group  of  toxic  chemicals  [26].  The  differ¬ 
ences  between  these  chemicals  might  be  the  time 
at  which  tissue  repair  is  stimulated  after  the 
episode  of  exposure.  It  is  not  known  whether  the 
stimulation  of  tissue  repair  occurs  primarily  as  a 
result  of  the  action  of  parent  compound,  or 
primarily  as  a  result  of  the  action  of  toxic 
metabolites,  or  a  combination  of  both.  This  area 
needs  further  investigation.  It  would  be  logical  to 
assume  that  in  addition  to  the  parent  compounds 
the  toxic  metabolites  also  have  the  capability  to 
induce  tissue  repair.  Dose  of  a  chemical  is  also 
known  to  affect  the  tissue  repair  response.  Early 
studies  revealed  that  the  reason  why  a  low  dose 
of  a  toxic  chemical  is  not  ‘lethal’,  meaning  it  has 
no  consequence  on  animal  survival,  is  because  of 
the  exacting  level  of  tissue  repair  stimulation 
which  enables  the  animals  to  recover  from  that 
injury  [1-3].  Subsequent  studies  in  which  tissue 
repair  response  was  investigated  upon  exposure 
to  higher  doses  of  chemicals  revealed  that  at 


higher  doses  the  chemicals  inhibit  tissue  repair 
[41-43].  It  follows  that  the  reasons  for  the  lethal 
action  of  higher  doses  are  the  delay  and  diminu¬ 
tion  of  the  tissue  repair  response  that  otherwise 
seems  to  promptly  accompany  the  infliction  of 
injury  [1,41,42].  Diminished  tissue  repair  re¬ 
sponse  appears  to  lay  the  ground  for  unre¬ 
strained  progression  of  injury,  thereby  leading  to 
failure  of  the  animals  to  survive  (Fig.  1). 


6.  Conclusions 

In  conclusion,  work  with  a  number  of  ex¬ 
perimental  hepatotoxicants  indicates  that  expo¬ 
sure  to  toxic  chemicals  leads  to  2  responses:  first, 
toxicant-inflicted  tissue  injury  occurs;  second,  a 
simultaneous  but  opposing  tissue  repair  response 
reponsible  for  recovery  from  injury  is  known  to 
be  stimulated,  inhibited  or  unaltered  upon  expo¬ 
sure  to  individual  or  mixtures  of  chemicals.  When 
tissue  repair  is  inhibited,  even  an  inconsequential 
level  of  tissue  injury  may  lead  to  fulminant  liver 
failure  and  animal  death  from  even  a  nonlethal 
exposure  to  a  hepatotoxicant.  When  tissue  repair 
is  unperturbed,  the  outcome  may  be  mainly 
dependent  on  bioactivation  and  other  mecha¬ 
nisms  responsible  for  infliction  of  injury.  When 
tissue  repair  is  augmented,  tissue  injury  becomes 
inconsequential  to  animal  survival  even  though 
much  higher  tissue  injury  might  be  inflicted. 
Studies  with  interactive  models  of  toxicity  using 
binary  mixtures  of  chemicals  reveal  that  exam¬ 
ples  of  each  of  the  above  sequel  can  be  found. 
Work  with  other  models  of  chemical  interactions 
such  as  autoprotection  and  heteroprotection  un¬ 
derscores  the  importance  of  stimulated  tissue 
repair  in  the  outcome  of  toxic  injury.  These 
findings  suggest  that  animal  survival  is  possible 
due  to  augmented  tissue  repair  by  a  priming  low 
dose  of  a  toxicant.  Additional  studies  indicate 
that  2  distinct  types  of  benefit  are  derived  from 
stimulated  tissue  repair.  First,  new  cells  are 
available  for  restoration  of  tissue  structure  and 
function  by  replacing  the  dead  or  dying  cells. 
Second,  the  new  cells  are  resilient  to  the  action 
of  toxicants  and  this  may  play  a  role  in  restrain¬ 
ing  injury. 
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Because  toxicant-induced  injury  and  stimu¬ 
lated  tissue  repair  are  simultaneous  but  opposing 
responses,  measuring  both  of  these  responses  in 
a  dose-response  paradigm  is  likely  to  increase  the 
precision  of  predictive  toxicology.  Work  with 
structurally  and  mechanistically  diverse  chemical 
toxicants  suggests  that  such  dose-response 
paradigms  might  be  useful  in  risk  assessment. 
Factors  such  as  exposure  dose,  macronutrient 
status  and  age  are  known  to  influence  the  tissue 
repair  status  and  thereby  affect  the  ultimate 
outcome  of  toxicity.  Such  quantitative  relation¬ 
ships  are  likely  to  be  helpful  in  accounting  for 
inter-individual  variability  in  toxicity.  Further¬ 
more,  strain /species  differences  in  sensitivity  to 
toxicants  might  be  explained  by  strain /species 
differences  in  the  tissue  repair  response  elicited 
after  exposure  to  toxicants.  Therefore,  in  addi¬ 
tion  to  the  well-known  strain /species  differences 
in  the  mechanisms  of  infliction  of  injury,  the 
quantifiable  differences  in  tissue  repair  might 
allow  a  more  precise  inter-species  extrapolation 
of  data  on  a  more  complete  scientific  basis. 
Current  risk  assessment  which  does  not  take  into 
account  the  toxicodynamics  of  tissue  repair  will 
be  more  precise  by  incorporating  this  in  tomor¬ 
row’s  risk  assessment. 
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Abstract 

Uncertainty  in  risk  assessment  can  be  reduced  by  increasing  the  use  of  relevant  data  specific  to  the  particular 
xenobiotic  and  exposed  organism.  We  describe  the  development  of  a  preliminary,  mechanism-based  exposure 
response  model  for  chloroform  hepatotoxicity  consisting  of  toxicokinetic  (TK)  and  toxicodynamic  (TD)  submodels. 
The  TK  submodel  is  based  on  an  existing  physiologically  based  toxicokinetic  (PBTK)  model  for  chloroform.  The 
TD  submodel  consists  of  an  empirical  function  linking  tissue  dose,  defined  by  the  PBTK  model,  with  hepatocyte 
killing  and  subsequent  regenerative  cellular  replication.  Chloroform-induced  cell  killing  was  inferred  quantitatively 
from  dose-response  hepatic  labelling  index  studies  conducted  in  female  B6C3F1  mice  and  male  F344  rats.  The 
overall  model  was  scaled  to  humans  by  conventional  scaling  of  the  TK  submodel  and  by  using  the  TD  submodel  as 
is,  i.e.  as  developed  from  the  rodent  data.  The  resulting  human  model  was  used  to  analyze  a  case  of  human 
poisoning  which  developed  after  repeated  ingestion  of  large  doses  of  cough  syrup  containing  chloroform  and 
alcohol.  The  model  predicted  the  observed  toxic  response  after  the  capacity  for  chloroform  metabolism  was 
increased  by  a  factor  of  3  from  the  value  estimated  using  human  liver  microsomes.  This  is  an  acceptable  adjustment 
of  this  parameter,  given  the  uncertainty  associated  with  the  extrapolation  from  microsomes  and  the  coexposure  to 
alcohol.  This  preliminary  result  is  encouraging,  suggesting  that  the  model,  at  its  current  stage  of  development,  is 
able  to  approximate  actual  human  risks  of  hepatotoxicity  from  chloroform  exposure.  The  extensive  use  of  data  on 
chloroform  TK  and  cytolethality-induced  regenerative  cellular  replication  for  model  development  suggests  that  the 
model  has  reduced  uncertainty  relative  to  the  current  U.S.  EPA  oral  reference  dose  (RfD)  calculation  for 
chloroform,  which  does  not  use  any  mechanistic  or  dose-response  data. 

Keywords:  Chloroform;  Hepatotoxicity;  Quantitative;  Mechanism-based  model;  Noncancer  risk  assessment; 
Reduced  uncertainty 


1.  Introduction 

For  a  given  exposure  scenario,  the  risk  of  an 
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adverse  health  effect  is  determined  by  the 
chemistry  of  the  xenobiotic  and  the  biology  of 
the  exposed  organism.  Default  approaches  to 
risk  assessment  typically  utilize  little  such  in¬ 
formation  and  are  correspondingly  highly  uncer¬ 
tain.  This  uncertainty  can  be  reduced  by  increas- 
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ing  the  use  in  the  risk  assessment  model  of 
relevant  data  specific  to  the  particular  xenobiotic 
and  exposed  organism.  In  this  manuscript,  we 
describe  the  use  of  this  strategy  for  the  develop¬ 
ment  of  a  preliminary,  mechanism-based  expo¬ 
sure  response  model  for  chloroform  cytotoxicity. 

2.  Generic  issues  in  the  development  of  a  risk 
assessment  model 

Any  model  of  the  overall  exposure-response 
relationship  can  be  conveniently  divided  into  2 
submodels,  one  for  the  relationship  between 
exposure  and  dose  to  target  tissue  (tox¬ 
icokinetics;  TK)  and  one  for  the  relationship 
between  target  tissue  dose  and  the  response  of 
interest  (toxicodynamics;  TD).  This  division  is 
useful  in  several  ways.  Some  phenomena,  such  as 
route-to-route  differences  in  systemic  toxicity, 
are  entirely  a  function  of  TK,  and  the  a  priori 
distinction  between  TK  and  TD  serves  in  such 
cases  to  focus  attention  on  the  appropriate  aspect 
of  the  overall  exposure-response  relationship.  In 
addition,  characterization  of  TK  is  required  be¬ 
fore  the  role  of  TD  in,  for  example,  interspecies 
differences  in  toxicity  can  be  understood.  Any 
analysis  of  TD  behavior  is  potentially  con¬ 
founded  by  TK  unless  the  role  of  the  latter  has 
been  adequately  characterized. 

In  general,  more  tends  to  be  known  about  TK 
than  TD  for  most  chemicals.  Mechanism-based 
models  are  thus  likely  to  focus  on  TK  and 
contain  relatively  less  information  about  the 
subsequent  TD  events.  Strategies  for  scale-up  of 
a  risk  assessment  model  from  laboratory  animals 
to  humans  can  take  advantage  of  this  difference 
in  level  of  understanding.  For  example,  a  mecha¬ 
nism-based  TK  submodel  may  be  sufficiently  well 
characterized  that  its  scale-up  can  be  based  on 
relevant  human  data  collected  in  vivo  or  in  vitro. 
Conversely,  a  relatively  less  well-characterized 
TD  submodel  is  likely  to  limit  the  options  avail¬ 
able  for  its  scale-up.  For  cases  such  as  this,  the 
TK-TD  distinction  allows  different  scale-up  stra¬ 
tegies  for  the  TK  and  TD  submodels.  This 
approach  is  taken  in  the  chloroform  model 
described  below. 


3.  Development  of  a  mechanism-based  risk 
assessment  model  for  chloroform 

The  first  goal  of  the  model  development  pro¬ 
cess  described  here  was  to  obtain  a  quantitative, 
mechanism-based  model  that  accurately  predicts 
the  hepatotoxicity  of  chloroform  in  exposed  mice 
and  rats.  Once  this  rodent  model  was  developed, 
it  was  scaled  to  the  human  case,  and  a  limited 
test  of  its  ability  to  predict  human  toxicity  was 
conducted. 

3.1.  TK  submodel 

Corley  et  al.  [1]  described  a  physiologically 
based  toxicokinetic  (PBTK)  model  for  chloro¬ 
form  that  draws  on  quantitative,  physiological, 
and  chemical-specific  information  to  depict  the 
processes  controlling  the  dose  of  chloroform  to 
liver  and  kidney,  important  target  organs  for  the 
acute  toxic  effects  of  this  chemical.  The  PBTK 
model  can  be  thought  of  as  describing  the  mech¬ 
anism,  at  a  particular  level  of  biological  detail, 
that  determines  the  exposure-tissue  dose  rela¬ 
tionship  for  chloroform.  For  consistency,  the 
PBTK  model  is  hereafter  referred  to  as  the  TK 
submodel. 

3.2.  TD  submodel 

The  TD  submodel  for  chloroform  hepato¬ 
toxicity  consists  of  an  empirical  function  linking 
target  tissue  dose  with  the  response  of  interest,  in 
this  case  regenerative  cellular  replication.  We 
first  consider  the  definition  of  target  tissue  dose 
and  then  the  data  on  chloroform-induced  re¬ 
generative  replication. 

3.3.  Target  tissue  dose 

The  main  metabolites  of  chloroform  are 
phosgene  and  HC1,  both  of  which  have  very 
short  biological  half-lives  [2],  Phosgene  should 
form  primarily  labile  macromolecular  adducts, 
and  any  contribution  by  the  HC1  metabolite  to 
chloroform  toxicity  would  presumably  be  due  to 
transient,  localized  shifts  in  intracellular  pH. 
Thus  the  major  metabolites  and  macromolecular 
adducts  resulting  from  chloroform  exposure  are 
expected  to  be  transient.  The  measure  of  dose  in 
the  target  tissue  should  be  consistent  with  these 
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characteristics  of  the  metabolites,  which  are  the 
presumed  ultimate  toxicants  generated  upon 
exposure  to  chloroform.  In  a  previous  cyto- 
lethality  model  for  chloroform,  Reitz  et  al.  [3] 
found  that  a  measure  of  tissue  dose  that  reflected 
rate  of  metabolism  rather  than,  for  example, 
total  amount  metabolized,  was  the  better  predic¬ 
tor  of  both  quantitative  histopathology  and  chlo¬ 
roform-stimulated  regenerative  cellular  replica¬ 
tion.  The  present  model  defines  the  target  tissue 
dose  surrogate  as  the  amount  of  chloroform 
metabolized  over  the  interval  (t  —  30  min,  t ), 
where  t  is  the  current  time.  This  dose  measure  is 
similar  to  that  used  by  Reitz  et  al.  in  that  it 
correlates  better  with  rate  of  metabolism  than 
with  total  amount  metabolized,  at  least  for  any¬ 
thing  other  than  very  short-term  exposures.  We 
emphasize  that  the  definition  of  target  tissue 
dose  surrogate  used  here  is  provisional  and  is 
likely  to  change  as  our  understanding  increases. 
In  this  regard,  it  is  interesting  to  note  that 
Laethem  and  Kedderis  [4]  found  that  3-h  incuba¬ 
tions  of  freshly  isolated  rat  and  mouse  hepat- 
ocytes  with  chloroform  only  affected  hepatocyte 
viability  measured  at  24  h  when  chloroform 
concentrations  were  in  excess  of  3.8  mM.  These 
data  suggest  that  chloroform  itself  plays  a  direct 
role  in  the  development  of  the  hepatotoxic 
response,  since  rate  of  metabolism  is  maximal 
well  below  3.8  mM.  In  future  iterations  of  the 
quantitative  model  described  here,  the  dose 
surrogate  definition  will  be  modified  for  consis¬ 
tency  with  this  result. 

3.4.  Chloroform-induced  regenerative  replication 
Larson  et  al.  [5]  have  studied  the  induced 
cytotoxicity  and  cell  proliferation  in  female 
B6C3F1  mice  given  chloroform  by  corn  oil  gav- 
age  over  a  wide  dose  range  (0,  3,  10,  34,  90,  238, 
or  477  mg  /kg)  for  either  4  consecutive  days  or  5 
days /week  for  4  weeks.  In  all  cases,  osmotic 
minipumps  containing  bromodeoxyuridine  were 
implanted  3.5  days  prior  to  sacrifice  so  that 
labelling  index  could  be  measured.  Similar 
studies  have  been  reported  by  Butterworth  and 
coworkers  for  male  B6C3F1  mice  [6]  and  for 
male  and  female  F344  rats  [7,8].  The  outstanding 
characteristics  of  these  studies  are  (1)  the  wide 


range  of  doses  used;  (2)  the  use  of  repeated 
dosing;  and  (3)  the  use  of  osmotic  pumps  im¬ 
planted  for  3  days  for  measurement  of  cell 
division  rates.  Taken  together,  these  characteris¬ 
tics  lead  to  relatively  high  confidence  in  the 
quality  of  the  data.  Of  particular  interest  in  these 
studies  is  the  presence  of  no-observed-adverse- 
effect-levels  (NOAEL)  for  chloroform-induced 
regenerative  replication.  Such  data  are  consistent 
with  the  presence  of  a  dose  threshold  for  cyto- 
lethality  and  consequent  regenerative  replication. 

For  the  model  described  here,  the  cell  replica¬ 
tion  data  for  female  B6C3F1  mice  and  male  F344 
rats  given  chloroform  for  4  days  by  corn  oil 
gavage  [5,7]  were  used.  Future  versions  of  the 
model  will  be  developed  with  reference  to  all  the 
data  sets  described  above. 

3.5.  Linkage  of  the  hepatic  metabolism  of 
chloroform  with  cytolethality  and  induced 
regenerative  cellular  replication 

The  TD  submodel  consists  in  part  of  an 
empirical  function  linking  values  of  the  dose 
surrogate,  provided  by  the  TK  submodel,  to  the 
fraction  of  liver  killed  (Fig.  1).  The  amount  of 
cell  killing  in  the  liver  for  given  levels  of  chloro¬ 
form  exposure  is  inferred  from  the  labelling 
index  data  by  assuming  a  one-to-one  corre¬ 
spondence  between  cells  killed  by  chloroform 
and  regenerative  replications.  Both  the  female 
B6C3F1  mouse  liver  and  male  F344  rat  labelling 
index  data  were  used  to  develop  the  linking 


Fig.  1.  Empirical  function  describing  relationship  between 
target  tissue  dose  surrogate,  as  defined  by  the  TK  submodel, 
and  cell  killing  inferred  from  labelling  index  data.  During  a 
simulated  chloroform  exposure,  the  value  of  the  dose  surro¬ 
gate  is  calculated  at  each  time  point  t,  and  the  function 
specifies  the  corresponding  amount  of  cytolethality.  See  the 
text  for  details. 


904 


R.B.  Con  oily,  B.E.  Butterworth  I  Toxicology  Letters  82!  S3  (1995)  901-906 


function.  This  use  of  both  the  mouse  and  rat  data 
required  that  the  TK  submodel  be  configured  for 
the  appropriate  sex  and  species.  This  was  done 
according  to  Corley  et  al.  [1]. 

The  TD  submodel  also  contains  a  description 
of  the  cell  kinetics  of  the  hepatocyte  population, 
allowing  simulation  of  the  labelling  index.  The 
submodel  generates  a  basal  labelling  index  due 
to  the  normal  turnover  of  hepatocytes  (number 
of  cells  dividing  in  an  arbitrary  interval /all  cells) 
and  simulates  an  increase  in  the  labelling  index 
when  simulated  regenerative  replications  occur. 
The  TD  submodel  is  configured  to  begin  re¬ 
generative  replication  48  h  after  chloroform-in¬ 
duced  cytolethality  first  occurs.  This  delay  is 
intended  to  approximate  the  time  needed  for  the 
surviving  cells  to  sense  the  killing  of  neighboring 
cells  and  begin  the  process  of  regenerative  repli¬ 
cation. 

The  combined  TK-TD  model  provides  good 


Fig.  2.  Simulation  of  hepatic  labelling  index  in  (a)  female 
B6C3F1  mice  and  (b)  male  F344  rats  given  chloroform  by 
corn  oil  gavage  for  4  consecutive  days  with  sacrifice  on  day  5. 
Solid  lines  represent  simulated  labelling  index.  Numbers  on 
lines  represent  chloroform  doses  (mg/kg/day).  Data  are 
represented  by  (Q).  Note  the  difference  in  scales  for  labelling 
index  between  mice  and  rats. 


simulations  of  labelling  index  data  (Fig.  2).  For 
these  simulations,  the  TK  submodel  was  con¬ 
figured  for  either  female  B6C3F1  mice  or  male 
F344  rats  according  to  Corley  et  al.  [1].  The 
significance  of  good  simulation  of  the  labelling 
index  data  (Fig.  2)  should  not  be  overinter¬ 
preted,  since  the  TD  submodel  was  developed  by 
fitting  to  these  data.  The  test  of  the  model  comes 
in  its  ability  to  predict  data  obtained  indepen¬ 
dently  of  the  model  development  process.  Future 
versions  of  the  model  described  here  will  be 
tested  thoroughly  against  such  data.  In  the  next 
section,  we  describe  a  preliminary  attempt  to 
model  an  episode  of  human  chloroform  poison¬ 
ing. 

4.  Preliminary  simulation  of  the  human 
hepatotoxicity  of  chloroform 

Wallace  [9]  described  a  case  of  hepatitis  and 
nephrosis  in  a  50-year-old  man  who  consumed 
about  12  ounces/day  of  a  cough  syrup  containing 
chloroform  and  3%  alcohol.  After  a  prolonged 
period  of  cough  syrup  consumption  at  this  rate, 
the  individual  experienced  signs  of  both  hepatic 
and  renal  toxicity.  He  had  been  consuming  about 
27  mg  chloroform /kg /day.  The  TK  submodel 
was  configured  for  this  individual  according  to 
Corley  et  al.  [1],  including  the  specification  of  his 
body  weight  at  78  kg,  as  reported  by  Wallace  [9]. 
It  is  worth  noting  that  Corley  et  al.  [1]  had  used 
human  liver  microsomes  to  estimate  the  capacity 
of  human  hepatocytes  to  metabolize  chloroform 
(Xnax  of  I5-7  mg  chloroform  /kg  body  weight /h 
with  scaling  for  different  body  weight  by  BW°‘7). 
With  this  configuration,  a  simulation  of  7  days  of 
cough  syrup  consumption  showed  no  effect  on 
labelling  index,  i.e.  labelling  index  stayed  at  its 
basal  value  (Fig.  3).  However,  increasing  VjTiax  by 
a  factor  of  3  to  47.1  mg/kg/h  resulted  in  an 
increase  in  simulated  labelling  index  for  the  same 
exposure  scenario.  Under  these  conditions,  the 
model  was  predicting  significant  chloroform  hep¬ 
atotoxicity.  The  change  in  Fmax  by  a  factor  of  3 
required  to  simulate  liver  damage  does  not  seem 
unreasonable  given  (a)  the  coexposure  to  alcohol 
in  the  cough  syrup  and  (b)  the  likelihood  that 
prolonged  exposure  in  this  case  may  have  caused 
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Fig.  3.  Simulation  of  hepatic  concentration  of  chloroform  and 
hepatic  labelling  index  in  a  78-kg  man  consuming  a  bolus 
dose  of  27  mg  chloroform /kg /day  for  7  days.  Labelling  index 
is  increased  when  the  capacity  to  metabolize  chloroform 
(VmJ  is  set  to  47.1  mg  chloroform /kg  body  wt./day.  With 
Vm„  at  15.7,  the  value  obtained  by  Corley  et  al.  [1],  no 
increase  in  labelling  index  over  the  basal  level  was  seen. 

some  induction  of  the  capacity  to  metabolize 
chloroform.  This  result,  while  preliminary,  sug¬ 
gests  that  the  model  development  process  to  date 
is  valid.  However,  more  work  is  needed  before 
the  model  can  be  used  with  confidence  for 
quantitative  prediction  of  the  human  hepato- 
toxicity  of  chloroform. 

5.  Discussion 

Development  of  a  preliminary,  mechanism- 
based  model  for  simulation  of  in  vivo  hepatocyte 
killing  by  chloroform  has  been  described.  The 
model  consists  of  2  submodels,  one  linking  expo¬ 
sure  with  tissue  dose  (TK  submodel)  and  one 
linking  the  tissue  dose  with  toxic  effect  (TD 
submodel).  The  submodels  overlap  at  the  level 
of  tissue  dose  of  chloroform,  since  the  tissue  dose 
defined  by  the  TK  submodel  is  also  the  starting 
point  for  the  TD  submodel  (Fig.  1).  The  overall 
model  provides  good  descriptions  of  rodent 
hepatocyte  labelling  index  data  (Fig.  2)  although 
this  is  expected  since  these  data  were  used  for 
model  development.  More  interesting  is  the 


ability  of  the  model,  with  some  adjustment  of  the 
hepatic  capacity  for  chloroform  metabolism,  to 
predict  hepatotoxicity  that  occurred  in  a  50-year- 
old  male  consuming  about  27  mg  chloroform /kg/ 
day  [9]  (Fig.  3). 

The  primary  justification  for  development  of 
the  model  must  come  from  its  potential  for 
improving  chloroform  risk  assessment.  The  cur¬ 
rent  U.S.  EPA  noncancer  risk  assessment  for 
chloroform  is  in  the  form  of  an  oral  reference 
dose  (RfD)  calculated  from  a  study  by  Heywood 
et  al.  [10].  In  this  study,  fatty  cysts  developed  in 
beagle  dogs  given  chloroform  in  a  toothpaste 
base  in  gelatin  capsules,  6  days/week  for  7.5 
years.  The  NOAEL  for  the  study  was  12.9  mg/ 
kg/day,  and  the  RfD  was  set  at  0.01  mg/kg/day 
[11].  Uncertainty  factors  of  10  were  applied  to 
the  NOAEL  to  account  for  interspecies  conver¬ 
sion,  protection  of  sensitive  human  subpopula¬ 
tions,  and  concern  that  the  effect  seen  was  a 
lowest-observed-adverse-effect-level  (LOAEL) 
and  not  a  NOAEL.  The  RfD  was  calculated 
without  use  of  either  TK  or  TD  data  specific  to 
chloroform.  In  contrast,  the  mechanism-based, 
exposure-response  model  described  here  makes 
maximum  use  of  available  data  to  construct  the 
TK  and  TD  submodels.  It  seems  reasonable  to 
argue  that  predictions  obtained  with  the  mecha¬ 
nism-based  model  are  less  uncertain  than  is  the 
RfD  calculation.  In  this  regard,  it  is  interesting  to 
note  that  the  mechanism-based  model  predicts 
an  hepatotoxic  effect  of  27  mg  chloroform  /kg/ 
day  in  the  human  only  when  the  metabolic 
capacity  of  human  liver  for  chloroform  is  in¬ 
creased  somewhat  from  the  value  obtained  by 
Corley  et  al.  [1]. 

Application  of  the  mechanism-based  model  for 
chloroform  in  formal  risk  assessment  should 
include  use  of  Monte  Carlo  analysis  to  approxi¬ 
mate  variability  in  the  human  population.  Confi¬ 
dence  in  the  model  could  also  be  increased  by 
more  extensive  use  of  human  data  for  its  param¬ 
eterization.  Studies  designed  to  support  these 
improvements  are  underway  at  the  Chemical 
Industry  Institute  of  Toxicology  (CUT).  It  will  be 
possible,  when  these  studies  are  complete,  to  use 
the  model  for  prediction  of  human  risk  of  hepa¬ 
totoxicity  from  chloroform  exposure.  Use  of  an 
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uncertainty  factor  of  perhaps  10  to  account  for 
residual  model  uncertainty  should  be  sufficient  to 
identify  exposure  levels  reasonably  expected  to 
be  without  hepatotoxic  effect  in  humans. 
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Abstract 

In  mouse  skin,  tumor  development  promoted  by  ‘non-genotoxic’  carcinogens  is  closely  related  to  the  wound 
response.  In  both  cases  endogenous  factors  such  as  cytokines  and  eicosanoids  released  primarily  frorn  activated 
keratinocytes’  play  a  key  role  as  mediators  of  inflammation  and  cellular  hyperprohferation.  The  liberation  ot 
interleukin-la  and  arachidonic  acid  from  human  keratinocytes  has  been  used  as  an  in  vitro  parameter  of  irritancy. 
The  results  (from  experiments  with  15  different  chemicals)  being  validated  at  present  in  a  clinical  study  indicate  a 
quantitative  relationship  between  irritancy  in  vivo  and  mediator  release  in  vitro.  In  the  course  of  experimental  skm 
carcinogenesis  an  overproduction  of  eicosanoids  due  to  a  constitutive  overexpression  of  the  corresponding  enzymes 
fie  PGH  synthase-II  and  8-  and  12-lipoxygenase)  is  observed.  Enzyme  inhibitors,  for  instance  nonsteroidal 
antiinflammatory  drugs  (NSAIDs),  exert  a  strong  tumoristatic  effect.  Thus,  the  approach  of  multistage  skin 
carcinogenesis  provides  a  suitable  animal  model  for  a  mechanistic  evaluation  and  further  improvement  of 
chemopreventive  measures  such  as  the  inhibition  of  colorectal  tumor  development  m  humans  by  NSAIDs  (  aspirin 

effect’). 
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1.  Introduction 

Cancer  results  from  the  progressive  accumula¬ 
tion  of  genetic  defects  [1].  Nevertheless,  a  wide 
variety  of  genotoxic  carcinogens  is  joined  by  a 
large  number  of  so-called  non-genotoxic  car¬ 
cinogens,  i.e.  agents  that  do  not  exhibit  muta- 
genic  potential  in  the  commonly  used  tests  [2].  A 
number  of  them  are  strong  irritants  and  potent 
stimulators  of  cellular  proliferation  [3].  Non- 
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genotoxic  carcinogens  are  thought  to  facilitate 
the  attack  of  genotoxic  carcinogens  (cocar¬ 
cinogenesis)  and  to  accelerate  tumor  develop¬ 
ment  by  selective  processes,  as  well  as  by  increas¬ 
ing  the  probability  of  additional  oncogenic  muta¬ 
tions  and  inducing  the  formation  of  endogenous 
mutagens  in  the  course  of  permanent  hyper¬ 
proliferation  and  tissue  inflammation  (tumor 
promotion  and  progession). 

Tumor  promoters  have  been  well  defined  on 
the  basis  of  animal  experiments.  Together  with 
genotoxic  carcinogens  they  induce  cancer  in  an 
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extremely  synergistic  manner.  The  classical  ani¬ 
mal  model  for  an  investigation  of  such  synergistic 
effects  is  provided  by  chemically  induced  skin 
cancer  in  mice  [4,5].  In  this  model  the  highly 
irritant  phorbol  esters  and  related  toxins  have 
been  identified  as  the  most  potent  tumor  promot¬ 
ers.  By  using  these  agents  as  experimental  tools  a 
rather  deep  insight  into  the  molecular  events  of 
tumor  development  and  of  the  tissue  response  to 
irritation  was  obtained.  It  turned  out  that  phor¬ 
bol  esters  and  related  tumor  promoters  evoke  a 
tissue  reaction  which,  down  to  the  molecular 
details,  resembles  a  wound  response  [6,7].  Also, 
mechanical  wounding  and  non-specific  irritation 
have  been  found  to  provide  powerful  tumor 
promoting  stimuli  in  initiated  tissue,  indicating 
regenerative  hyperproliferation  and  inflamma¬ 
tion  to  be  major  factors  in  carcinogenesis  [8]. 

Given  that  most  skin  tumors  would  remain 
latent  in  the  absence  of  inflammatory  hyper¬ 
proliferation,  skin  cancer  may  indeed  be  re¬ 
garded  as  the  result  of  chronic  irritation  and 
‘permanently  repeated  and  disturbed  tissue  re¬ 
generation’  [9],  as  originally  postulated  by 
Rudolf  Virchow.  The  critical  role  of  tumor  pro¬ 
moters  and  other  irritants  in  carcinogenesis 
creates  a  serious  toxicological  problem  which  is 
still  far  from  being  solved.  The  inhibition  of 
tumor  promotion  provides,  on  the  other  hand,  a 
promising  approach  for  cancer  prevention. 

2.  Inflammatory  hyperplasia  and  keratinocyte 
activation 

A  wound  response  may  be  understood  as  a 
coordinated  repair  and  defence  reaction  which 
becomes  visible  as  cellular  hyperproliferation 
and  inflammation  (inflammatory  hyperplasia).  It 
results  from  an  interaction  between  many  differ¬ 
ent  cell  types  and,  therefore,  depends  on  inter¬ 
cellular  communication  via  signaling  factors  re¬ 
leased  from  the  cells  involved.  Such  ‘wound 
hormones’  include  growth  factors,  cytokines  and 
lipid  compounds  acting  as  mediators  of  both 
mitogenesis  and  inflammation.  In  skin,  such  an 
inflammatory  hyperplasia  (hyperplastic  trans¬ 
formation)  is  evoked  not  only  by  mechanical 


damage  but  by  irradiation  (UV)  and  chemical 
irritation  as  well  [10],  and  the  repeated  induction 
of  inflammatory  hyperplasia  represents  a  critical 
condition  of  tumor  promotion  [11]. 

While  many  chemicals  induce  inflammatory 
hyperplasia  by  unspecific  tissue  damage,  other 
agents  do  so  by  interacting  specifically  with 
pathways  of  intracellular  signal  transduction. 
This  group  of  irritants  includes  some  of  the  most 
powerful  skin  tumor  promoters  such  as  the 
phorbol  esters  (interacting  with  protein  kinase  C 
and  perhaps  some  other  signaling  proteins  by 
mimicking  the  action  of  the  second  messenger 
diacylglycerol)  and  okadaic  acid  (interacting  with 
phosphoprotein  phosphatases).  It  may  be  con¬ 
cluded  that  these  pathways  of  signal  transduction 
are  normally  involved  in  the  processing  of  signals 
delivered  by  the  wound  hormones  mentioned 
above.  Skin  tumor  promoters  such  as  phorbol 
esters  have  been  shown  to  mimic  some  primary 
effects  of  such  mediators  but  also  to  evoke  their 
release  and  biosynthesis,  thus  inducing  the  com¬ 
plex  pattern  of  autocrine  and  paracrine  interac¬ 
tions  on  which  inflammatory  hyperplasia  de¬ 
pends. 

In  the  skin,  keratinocytes,  the  major  cell  type 
of  the  epidermis,  seem  to  play  a  key  role  as  a 
signaling  interface  between  the  environment  and 
the  organism  and  their  activation  by  exogenous 
or  endogenous  stimuli  is  thought  to  provide  a 
triggering  event  for  skin  inflammation  and  hy¬ 
perplastic  development  [12,13].  In  fact,  activated 
keratinocytes  have  been  shown  to  produce  a 
complex  cocktail  of  mediators,  some  of  which 
react  on  keratinocytes  along  autocrine  pathways, 
whereas  others  recruit  and  activate  other  cell 
types  involved  in  the  wound  response.  The 
mediators  thus  released  form  two  interconnected 
networks  of  intercellular  communication,  i.e.  the 
cytokine  network  and  the  eicosanoid  network. 

3.  Interleukin-lo'  and  eicosanoids  as  key 
mediators  of  inflammatory  hyperplasia  in  skin 

Among  the  various  keratinocyte-derived  cyto¬ 
kines  [14,15],  interleukin-la  (Il-la)  is  thought  to 
play  a  key  role  in  the  induction  of  skin  inflamma- 
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tion  and  wound  repair  [13,16].  Non-activated 
keratinocytes  are  already  synthesizing  and  ac¬ 
cumulating  this  cytokine  in  extraordinarily  high 
amounts  [13].  Upon  injury,  Il-la  seems  to  be 
immediately  released  from  these  stores,  probably 
as  a  result  of  cell  destruction.  11-1  a  production  in 
keratinocytes  is  induced  in  an  autocrine  manner 
by  11-1  a  [17],  but  also  by  growth  factors,  bacteri¬ 
al  lipopolysaccharides  and  irritants  as  well  as  by 
thermal  and  mechanical  injury  and  UVB-irradia- 
tion  [12-20]. 

As  a  proinflammatory  and  immunological  key 
mediator,  11-1  a  exhibits  widespread  systemic 
effects  [21].  In  skin  Il-la  initiates  the  generation 
of  a  wide  variety  of  other  cytokines  and  growth 
factors  [18],  as  well  as  the  expression  of  inter¬ 
cellular  adhesion  molecules  which  mediate  the 
interactions  between  keratinocytes  and  the  cells 
of  the  inflammatory  infiltrate  [22]. 

Considering  these  manifold  actions  of  Il-la,  it 
is  not  surprising  that  an  intradermal  injection  of 
Il-la  has  been  found  to  induce  an  erythema  and 
leukocyte  infiltration  in  skin  [23],  that  Il-la  was 
detected  in  skin  exudates  upon  UV-irradiation, 
mechanical  trauma  and  toxic  insults  [24],  and 
that  in  mouse  skin  inflammatory  hyperplasia 
induced  by  the  tumor  promoter  TPA  was  in¬ 
hibited  by  subcutaneous  injection  of  an  anti-Il-la 
antibody  [23].  Whether  such  a  treatment  would 
also  suppress  tumor  development,  as  one  might 
expect,  is  not  known. 

Eicosanoids  represent  the  second  family  of 
proinflammatory  mediators  released  from  kera¬ 
tinocytes  upon  skin  irritation  (reviewed  in  [25]). 
Eicosanoids  are  not  stored  in  cells  and  tissues, 
but  synthesized  on  demand  from  polyunsatu¬ 
rated  precursor  fatty  acids  such  as  arachidonic 
acid,  which  are  sequestered  in  cellular  phos¬ 
pholipids.  In  the  skin  the  cytosolic  phospholipase 
A2  (cPLA2)  of  keratinocytes  seems  to  provide 
the  major  enzyme  for  arachidonic  acid  release, 
being  primarily  responsible  for  the  rapid 
eicosanoid  accumulation  in  keratinocytes  and 
skin  in  response  to  a  wide  variety  of  endogenous 
factors  and  exogenous  stimuli.  cPLA2  activation 
occurs  along  several  pathways  of  transmembrane 
signaling  [26-29].  In  addition,  cPLA2  expression 
[30,31]  and  eicosanoid  formation  [32]  are  in¬ 


duced  by  Il-la,  indicating  an  important  link 
between  the  cytokine  and  the  eicosanoid  net¬ 
work  [30,31].  In  keratinocytes  also  a  low-molecu¬ 
lar  weight  secretory  PLA2  type  II  (sPLA2  II)  is 
induced  by  Il-la  and  may  contribute  to  the 
production  of  eicosanoids  in  skin  (Flirstenberger 
et  al.,  unpublished  results). 

Once  released  from  phospholipids,  arachidonic 
acid  is  metabolized  by  a  series  of  oxygenases. 
Certain  cytochrome  P450-dependent  monoox¬ 
ygenases  yield  epoxy  derivatives  as  well  as  mono¬ 
hydroxy  eicosatetraenoic  acids  (HETEs).  Such 
an  enzyme  activity  has  also  demonstrated  for 
human  keratinocytes  [33].  Other  enzymes,  i.e. 
lipoxygenases,  catalyze  the  formation  of  hy- 
droperoxy  metabolites  (HPETEs),  which  are 
reduced  to  the  corresponding  hydroxy  fatty  acids 
(HETEs).  5-,  8-,  12-  and  15-HETE  as  well  as  the 
leukotrienes  A4,  B4  and  C4  have  been  found  in 
human  and  murine  keratinocytes,  and  the  ex¬ 
pression  of  the  corresponding  lipoxygenases  has 
been  observed  in  epidermis  and  in  keratinocytes 
(reviewed  in  [34]). 

The  third  major  pathway  of  arachidonic  acid 
metabolism  leads  to  the  prostaglandins,  such  as 
PGE2,  PGF2a,  and  PGD2,  which  have  been 
found  in  skin  preparations  of  several  species.  The 
main  biosynthetic  activity  is  localized  in  the 
epidermal  layer  and  has  been  shown  to  be 
enhanced  by  a  wide  variety  of  stimuli,  including 
Il-la,  TGF-a,  phorbol  esters,  wounding  and  UV- 
light  [34].  Two  prostaglandin  synthases,  i.e.  a 
constitutive  PGHS-I  and  an  inducible  PGHS-II, 
have  been  characterized.  PGHS-I  is  constitutive- 
ly  expressed  in  normal  epidermis,  whereas  the 
expression  of  PGHS-II  is  strictly  correlated  with 
hyperplastic  and  neoplastic  development  [35,36]. 

Individual  eicosanoids  are  involved  in  many 
steps  of  the  acute  inflammatory  process,  and 
prostaglandin  synthesis  has  been  found  to  pro¬ 
vide  a  critical  condition  for  keratinocyte 
mitogenesis  in  vivo  [25]  and  in  vitro  [37]. 

4.  Mediator  release  from  keratinocytes  as  a 
parameter  for  toxicological  testing 

The  extraordinary  signaling  capacity  of  kera- 
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tinocytes  indicates  a  key  role  of  this  cell  type  in 
the  induction  of  inflammatory  hyperplasia  and 
skin  tumor  promotion.  Consequently,  mediator 
release  by  keratinocytes  may  be  considered  to 
provide  a  suitable  in  vitro  parameter  for  moni¬ 
toring  these  tissue  responses.  Within  the  two 
signaling  networks  of  eicosanoids  and  cytokines, 
arachidonic  acid  and  Il-la  can  be  regarded  as 
primary  and  arachidonic  acid  metabolites 
(eicosanoids)  as  secondary  signals.  Based  on 
these  considerations  we  set  out  to  develop  an  in 
vitro  irritation  assay  using  the  release  of  arach¬ 
idonic  acid  and  IL-la  from  human  keratinocytes 
(line  HPKII)  together  with  cell  viability  as  end¬ 
points. 

Fifteen  structurally  unrelated  compounds  with 
graded  irritant  potential  were  tested.  All  of  them 
induced  a  release  of  arachidonic  acid  and  Il-la, 
albeit  with  different  kinetics  and  dose  dependen¬ 
cies,  indicating  subtle  differences  in  the  mecha¬ 
nisms  of  action  [38,39].  The  reasons  for  these 
differences  are  not  yet  known.  On  the  basis  of 
the  time  courses,  the  test  substances  could  be 
classified  according  to  their  ability  to  induce  a 
rapid  increase  (i.e.  within  1  h),  a  delayed  increase 
(i.e.  within  4-8  h),  or  a  late  increase  (i.e.  within 
12-24  h)  of  mediator  release.  Inducers  of  a  rapid 
arachidonic  acid  release  were  frequently,  but  not 
always,  identical  with  rapid  Il-la  inducers. 
Stimulation  of  arachidonic  acid  release  generally 
occurred  at  lower  concentrations  of  the  test 
compounds  than  Il-la  release  or  at  similar  con¬ 
centrations  with  more  rapid  kinetics,  suggesting 
arachidonic  acid  release  to  be  the  more  sensitive 
endpoint.  The  dose-response  curves  showed, 
however,  that  early  inducers  were  not  necessarily 
more  potent  than  delayed  or  late  inducers,  thus 
indicating  that  a  detailed  kinetic  analysis  of  the 
parameters  is  of  critical  importance  for  determin¬ 
ing  the  potencies  of  the  individual  compounds. 
Evaluation  of  the  half-maximal  stimulatory  con¬ 
centrations  (SC50)  for  arachidonic  acid  release 
and  the  tenfold-stimulatory  concentrations 
(ED10)  for  Il-la  release  allowed  a  ranking 
according  to  increasing  potencies  [38,39].  Al¬ 
though  arachidonic  acid  release  was  found  to  be 
the  more  sensitive  parameter  when  compared 
with  the  Il-la-release  for  11  out  of  15  com¬ 


pounds,  combined  measuring  of  these  endpoints 
led  to  a  better  grading  of  the  irritant  potencies  of 
the  chemicals.  Independently  of  whether  a  rapid, 
delayed  or  late  arachidonic  acid  release  was 
induced,  the  dose-dependent  ranking  of  the  15 
compounds  for  their  ability  to  induce  this  re¬ 
sponse  was  similar  to,  although  not  strictly 
identical  with,  the  ranking  of  cell  toxicity  as 
measured  by  the  (3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium  bromide  (MTT)  test.  In 
several  cases,  arachidonic  acid  release  occurred 
earlier  or  at  lower  concentrations  of  the  test 
substance  than  an  impairment  of  cell  viability, 
indicating  this  response  to  precede  rather  than  to 
follow  cell  damage.  Il-la  release  differed  from 
arachidonic  acid  release  in  that  it  was  evoked  by 
13  out  of  15  chemicals  at  the  same  or  higher 
concentrations  as  those  required  for  50%  impair¬ 
ment  of  cell  viability,  indicating  this  response  to 
result  from  damage,  as  postulated  by  other 
authors  [13]. 

These  results  show  that  human  keratinocytes 
grown  in  vitro  indeed  respond  to  chemicals  of 
graded  irritant  potential  with  a  graded  release  of 
proinflammatory  key  mediators  and  a  graded 
impairment  of  viability.  Therefore,  a  combina¬ 
tion  of  these  endpoints  is  expected  to  provide  an 
in  vitro  assay  of  skin  irritancy  which  could 
complete  or  even  replace  animal  tests  such  as  the 
Draize  skin  test.  Unfortunately,  the  in  vivo  data 
found  in  the  literature  are  of  only  limited  value 
for  a  validation  of  the  in  vitro  data.  Being  mainly 
based  on  rabbit  Draize  scores,  they  lack  detailed 
evaluations  of  dose-response  relationships  and 
time-courses  in  most  cases,  not  to  mention  the 
problems  of  interspecies  differences.  Therefore, 
we  considered  human  in  vivo  data  to  be  obligat¬ 
ory  for  a  validation  of  the  in  vitro  results. 

For  this  purpose  a  placebo-controlled,  open, 
randomized  study  using  healthy  volunteers  (male 
Caucasians,  18-45  years)  is  being  carried  out.  In 
an  initial  screening  phase  vehicle  solution  and 
four  concentrations  of  the  test  compounds  were 
applied  under  occlusion  onto  the  volar  forearms 
of  20  volunteers  (patch-test).  Twenty-four,  48 
and  72  h  later  transepidermal  water  loss  was 
measured  and  the  individual  erythema  dose  was 
determined  by  visual  scoring.  By  this  means  12 
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responders  were  selected  at  random  for  the 
subsequent  challenge  phase  which  started  1-2 
weeks  later. 

In  the  challenge  phase  vehicle  solution  and  test 
chemicals  (according  to  the  individual  erythema 
doses)  were  applied  as  described  above.  Six  and 
24  h  later  suction  blisters  were  produced  and  the 
blister  fluids  were  collected  for  mediator  assays, 
either  by  enzyme  immunoassay  (Il-lar)  or  gas 
chromatography /NECI  mass  spectrometry 
(eicosanoids).  While  in  cell  cultures  arachidonic 
acid  released  from  cells  is  trapped  by  serum 
proteins,  thus  being  protected  from  further  me¬ 


tabolism,  no  such  protection  will  occur  in  vivo. 
Therefore,  a  series  of  eicosanoids  in  addition  to 
arachidonic  acid  was  assayed  in  the  blister  fluids. 
These  eicosanoids  include  PGD2,  PGE2,  PGF?a, 
6-keto-PGFla,  LTB4,  5-,  8-,  12-,  and  15-HETE. 

Results  are  at  present  available  for  three  test 
compounds,  i.e.  benzalkonium  chloride  (BKCL), 
sodium  dodecylsulfate  (SDS)  and  tri¬ 
ethanolamine  (TEA).  While  BKCL  and  SDS 
rank  among  the  most  potent  inducers  of 
mediator  release  in  vitro,  TEA  was  about  four 
orders  of  magnitude  less  active  in  this  respect 
(Fig.  1).  The  erythema  assay  in  vivo  led  to  a 
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Fig.  1.  Response  of  HPKII  human  keratinocytes  in  vitro  to  benzalkonium  chloride  (BKCI,  50  /iM  for  Il-la  release,  20  /aM  for 
arachidonic  acid  release),  sodium  dodecylsulfate  (SDS,  100  ^M),  and  triethanolamine  (TEA,  100  mM).  The  release  of 
[14C]arachidonic  acid  (from  prelabelled  cells)  and  of  11-1  a  into  the  culture  medium  was  measured  at  the  times  indicated.  The 
vehicle  controls  are  represented  by  open  bars  (arachidonic  acid  release)  or  black  bars  (Il-1<*  release).  On  the  right  side  the  half 
maximal  stimulatory  concentrations  (SC  50)  for  arachidonic  acid  release  and  the  tenfold-stimulatory  concentration  (ED  10)  for 
Il-la  release  are  shown.  For  details  see  [39]. 
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comparable  result.  As  shown  in  Fig.  2,  BKCL 
and  SDS  evoked  a  response  in  the  majority  of 
the  test  persons  whereas  only  1-2  out  of  12 
volunteers  exhibited  a  weak  reaction  upon  TEA 
application.  Moreover,  the  response  to  BKCL 
developed  more  rapidly  than  that  to  SDS,  thus 
corresponding  even  in  this  detail  to  the  responses 
of  keratinocytes  in  vitro.  The  results  of  the 
mediator  assays  (not  shown)  support  the  data  of 
the  in  vitro  assays  in  that  the  majority  of  the  test 
persons  treated  with  irritants  exhibited  elevated 
concentrations  of  \\-la  and  the  above-mentioned 
eicosanoids  as  compared  with  the  vehicle  con¬ 
trols.  Depending  on  the  metabolite,  1.2-  to  40- 
fold  elevations  were  observed.  It  must  be  empha¬ 
sized,  however,  that  the  mediator  assay  is  of 
rather  limited  value  since  the  production  of 
suction  blisters  alone  provides  a  strong  irritant 
effect.  As  a  consequence  considerable  amounts 
of  mediators  were  found  in  the  blister  fluids  of 
the  vehicle  controls,  and  the  mediator  concen¬ 


trations  were  subject  to  large  individual  varia¬ 
tions. 

Our  results  indicate  that  irritation  of  human 
skin  apparently  corresponds  to  the  Il-la  and 
arachidonic  acid  release  from  human 
keratinocyte  cultures.  Therefore,  these  parame¬ 
ters  may  be  suitable  for  the  development  of  a 
novel  in  vitro  test  which  is  based  on  mechanistic 
considerations  and  thus  expected  to  provide 
considerably  more  information  than  a  conven¬ 
tional  cytotoxicity  test  [40].  It  must  not  be 
overlooked,  however,  that  an  in  vitro  test  based 
solely  on  keratinocytes  certainly  represents  an 
oversimplification,  since  other  cell  types  of  the 
skin  may  participate  in  the  release  of  primary 
proinflammatory  mediators  as  well,  perhaps  de¬ 
pending  on  the  type  of  the  challenge. 

Would  it  be  possible  to  use  such  an  in  vitro  test 
also  for  a  screening  of  tumor  promoters?  As  far 
as  skin  tumor  promoters  are  concerned,  such  a 
possibility  may  well  be  envisaged,  since  the  great 
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Fig.  2.  Response  of  human  skin  in  vivo  to  topical  applications  of  benzalkonium  chloride  (BKCI),  sodium  dodecylsulfate  (SDS), 
and  triethanolamine  (TEA).  Aqueous  solutions  of  the  substances  were  applied  under  occlusion  on  the  volar  forearm  skin  of  12 
volunteers  each  at  zero  time  and  the  responses  were  evaluated  at  the  times  indicated.  Clinical  score  0,  no  change;  1,  weak 
non-uniform  erythema;  2,  weak  uniform  erythema;  3  erythema,  papules,  vesicles.  The  mean  individual  doses  (according  to  an 
initial  screening)  were  7  mg  BKCI,  13  mg  SDS,  and  142  mg  TEA.  Ordinate:  number  of  responders  (%). 


F.  Marks  et  al.  I  Toxicology  Letters  82183  (1995)  907-917 


913 


majority  of  them  are  indeed  irritants,  which 
induce  inflammatory  hyperplasia.  It  is  not  yet 
known  whether  such  a  close  relationship  between 
irritating  and  tumor  promoting  potential  holds 
true  also  for  tumor  promoters  acting  on  other 
organs.  On  the  other  hand,  a  number  of  non- 
genotoxic  carcinogens  have  been  found  to  be 
strong  inducers  of  inflammation  and  hyper¬ 
proliferation  in  their  target  tissues  [3].  It  must  be 
emphasized,  however,  that  for  unknown  reasons 
not  every  agent  or  manipulation  that  induces 
eicosanoid  formation  and  inflammatory  hyper¬ 
plasia  in  mouse  skin  is  a  potent  tumor  promoter 
[5,6].  Perhaps  such  non-promoting  irritants  inter¬ 
rupt  tumor  development  at  another  stage  or 
induce  desensitization  of  the  tissue  in  the  course 
of  the  chronic  treatment  that  is  required  for 
tumor  promotion. 

5.  Arachidonic  acid  metabolism  as  a  target  of 
tumor  chemoprevention 

In  the  mouse  skin  model  both  inflammatory 
hyperplasia  and  tumor  promotion  have  been 
shown  to  depend  critically  on  the  local  formation 
of  arachidonic  acid  metabolites  [25,34].  Thus,  the 
initial  induction  of  epidermal  hyperplasia  de¬ 
pends  on  the  rapid  release  of  PGE2  (within  10 
min  after  treatment),  most  probably  from  kera- 
tinocytes,  whereas  chronic  hyperplasia  and  tumor 
promotion  are  strictly  PGF2a-dependent  [41].  In 
the  course  of  tumor  development  a  strong  ac¬ 
cumulation  of  both  prostaglandins  is  observed  in 


neoplastic  but  not  in  non-neoplastic  skin  (Table 

I  and  [35]).  In  normal  (untreated)  epidermis 
only  prostaglandin  H  synthase  I  (PGHS-I)  is 
found,  whereas  PGHS-II  expression  is  rapidly 
but  transiently  induced  during  hyperplastic  trans¬ 
formation  [35,36].  In  benign  and  malignant  epi¬ 
dermal  tumors  a  constitutive  overexpression  of 
PGHS-II  is  observed,  whereas  the  level  of 
PHGS-I  remains  unchanged  [35].  It  may  be 
concluded,  therefore,  that  the  initial  PGE2  syn¬ 
thesis  required  for  the  induction  of  inflammatory 
hyperplasia  is  catalyzed  by  PGHS-I  whereas  the 
prostaglandin  accumulation  found  in  neoplastic 
skin  results  from  the  overexpression  of  PGHS-II. 
Most  probably,  the  constitutive  PGHS-II  expres¬ 
sion  in  tumors  occurs  via  an  autocrine  pathway, 
since  growth  factors  such  as  TGFa  and  cytokines 
such  as  11-1  a,  which  are  known  to  induce  PGHS- 

II  expression,  have  been  found  to  be  released  by 
activated  and  neoplastic  keratinocytes. 

Local  treatment  of  mouse  skin  with  PGHS 
inhibitors  such  as  indomethacin  counteracts  the 
effects  of  tumor  promoters,  i.e.  prevents  local 
prostaglandin  accumulation  and  epidermal  hy¬ 
perplasia  and  brings  tumor  development  to  a  halt 
[25,41].  Since  at  least  in  the  early  phases  of 
tumorigenesis  the  (still  benign)  epidermal  tumors 
grow  in  a  reversible  manner  [5],  such  a  treatment 
results  in  tumor  regression  and  prevention  of 
malignant  progression.  This  tumoristatic  effect  of 
indomethacin  can  be  specifically  overcome  by 
application  of  PGF2a,  indicating  this  prostaglan¬ 
din  to  play  a  key  role  in  skin  tumor  development, 
probably  as  a  mediator  of  sustained  hyperplastic 


Table  1 

Tissue  levels  of  eicosanoids  in  the  course  of  multistage  carcinogenesis 

in  NMRI  mouse  skin 

Untreated  epidermis 

Acute  hyperplasia3 

Chronic  hyperplasiab 

Papilloma 

Carcinoma 

pge2 

PGF,u 

5-HETE 

8-HETE 

12-HETE 

15 -HETE 

35 

0.5 

21 

71 

43 

74 

85 

4 

36 

205 

57 

172 

40 

2 

29 

789 

209 

158 

720 

15 

19 

2764 

3963 

322 

800 

18 

1 

66 

628 

41 

Tumors  were  generated  according  to  the  initiation-promotion  protocol  with  7,12-dimethylbenz[a]anthracene  as  initiator  an 
phorbol  ester  TPA  as  promoter  [35].  The  prostaglandin  levels  were  determined  by  enzyme ^immunoassay  [39]  : and  are  given  in 
ng/mg  protein.  The  HETE  levels  were  assayed  by  GC/MS  and  are  given  in  ng/g  tissue  [50].  N  ^4,  S.D.-25/o. 
a  Assayed  6  h  (prostaglandins)  or  24  h  (HETEs)  after  a  single  topical  application  of  10  nmol  TPA. 
b  Assayed  2  weeks  after  36  applications  of  10  nmol  TPA,  in  3  day  intervals. 
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transformation  [41].  In  addition,  prostaglandin 
metabolism  may  exert  other  co-carcinogenic  ef¬ 
fects  such  as  an  activation  of  chemical  car¬ 
cinogens,  production  of  mutagenic  malondial- 
dehyde  or  an  impairment  of  immunological  de¬ 
fence  mechanisms  [42],  as  well  as  thromboxane 
A2-dependent  promotion  of  metastasis  [43]. 

Does  the  multistage  approach  of  mouse  skin 
tumorigenesis  provide  a  model  for  human  tumor 
development?  It  is  a  well-established  fact  that 
human  tumors  also  progress  in  a  stepwise  man¬ 
ner  with  the  discrete  stages  representing  distinct 
patterns  of  genetic  alterations.  This  has  been 
convincingly  shown  for  colorectal  carcinogenesis 
[1].  Actually,  this  tumor  type  has  become  the 
subject  of  chemoprevention  by  PGHS  inhibitors 
such  as  aspirin  and  other  nonsteroidal  antiinflam¬ 
matory  drugs  (NSAIDs)  (summarized  in  [42,44]). 
In  a  series  of  studies  it  has  been  shown  that  a 
chronic  intake  of  aspirin  correlates  with  an  up  to 
50%  reduction  of  the  risk  to  become  affected  by 
or  to  die  of  colorectal  cancer.  Moreover,  treat¬ 
ment  of  patients  suffering  from  familial 
adenomatous  polyposis,  a  hereditary  precancer- 
ous  condition,  has  been  found  to  result  in  an 
almost  complete  tumor  regression  and  in  a  corre¬ 
sponding  reduction  of  the  risk  of  malignant 
progression  [45].  According  to  these  observa¬ 
tions,  NSAID  treatment  ranks  among  the  most 
powerful  chemopreventive  measures  known  at 
present.  These  promising  epidemiological  and 
clinical  results  are  supported  by  a  series  of 
animal  experiments  indicating  the  promotion 
stage  of  large  bowel  carcinogenesis  to  be  in¬ 
volved  in  the  preventive  action  of  NSAIDs 
[42,46].  According  to  the  mouse  skin  model 
PGHS-II-catalyzed  prostaglandin  synthesis  prob¬ 
ably  would  provide  the  target  proper  of  NSAID- 
based  chemoprevention.  Recently,  an  overex¬ 
pression  of  PGHS-II  has  been  found  to  correlate 
also  with  colorectal  tumor  development  in 
humans  [47].  These  results  indicate  that  PGHS- 
Il-specific  inhibitors  would  be  superior  to  the 
conventional  NSAIDs,  which  inhibit  both  PGHS 
isoenzymes  and  produce  more  side-effects  than 
PGHS-II  inhibitors  [48].  Moreover,  the  mouse 
skin  model  indicates  that  chemoprevention  by 
NSAIDs  is  a  more  general  phenomenon,  which 


may  not  be  restricted  to  colorectal  cancer  but  - 
depending  on  the  type  of  drug  and  the  regimen 
of  application  -  be  applied  to  other  tumor  types 
as  well. 

Finally,  the  mouse  skin  model  may  be  used  as 
a  guide  for  the  development  of  novel  preventive 
and  therapeutic  measures.  Using  this  model  we 
have  found  not  only  the  PGHS-dependent 
branch  but  also  the  lipoxygenase-dependent 
branch  of  arachidonic  acid  metabolism  to  be¬ 
come  overactivated  in  the  course  of  tumor  de¬ 
velopment.  This  overactivation  results  in  a 
dramatic  accumulation  of  hydroxyeicosa- 
tetraenoic  acids  such  as  8-  and  12-HETE,  in  par¬ 
ticular  in  premalignant  papillomas  (Table  1  and 
[49]),  which  correlates  with  an  overexpression 
of  the  corresponding  lipoxygenase  activities  [50]. 
Similarly  to  PGHS-II,  these  lipoxygenases  are 
transiently  induced  upon  hyperplastic  trans¬ 
formation,  but  become  constitutively  overex¬ 
pressed  in  neoplastic  tissue.  The  specific  inhibi¬ 
tion  of  these  enzymes  by  low  doses  of  ETYA 
results  in  a  strong  antineoplastic  effect  compar¬ 
able  to  that  observed  for  NSAIDs  [51],  These 
results  indicate  that  skin  tumor  development 
depends  on  the  overexpression  of  both  PGHS-II 
and  lipoxygenases.  Since  8-  and  12-HETE  as  well 
as  their  hydroperoxy  precursors  induce  chromo¬ 
somal  damage  in  keratinocytes  (Fig.  3),  arach- 


Fig.  3.  Clastogenic  effects  of  the  tumor  promotor  TPA  and  of 
8-  or  12-HETE/HPETE  on  primary  neonatal  mouse  kera¬ 
tinocytes  in  vitro.  The  cells  were  treated  with  the  concen¬ 
trations  indicated  and  analyzed  for  metaphases  with  chromo¬ 
somal  alterations  (left  ordinate,  empty  columns)  and  number 
of  alterations  per  metaphase  (right  ordinate,  filled  columns). 
The  experiment  was  carried  out  according  to  [51], 
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idonic  acid  metabolism  may  be  involved  not  only 
in  tumor  promotion  but  also  in  the  progression 
to  malignancy.  After  all,  in  the  mouse  skin  model 
malignant  progression  of  papillomas  occurs 
spontaneously,  i.e.  without  additional  treatment, 
indicating  endogenous  mutagenic  factors  to  be 
involved.  It  has  been  postulated  that  oxidative 
DNA  damage  induced  by  endogeneously  pro¬ 
duced  active  oxygen  species,  peroxy  compounds 
and  organic  free  radicals  provides  a  major  mech¬ 
anism  of  carcinogenesis  [8].  Arachidonic  acid 
metabolism  and  inflammatory  processes  medi¬ 
ated  by  arachidonic  acid  metabolites  are  certain¬ 
ly  rich  sources  of  such  genotoxic  agents  and 
other  mitogens  [52-54]. 

Provided  an  overexpression  of  lipoxygenase- 
catalyzed  arachidonic  acid  metabolism  is  also 
found  in  human  tumors  and  premalignant  le¬ 
sions,  a  specific  inhibition  of  the  corresponding 
enzymes  is  expected  to  provide  a  novel  target  for 
chemoprevention  that  would  complement  the 
effects  of  other  treatments  such  as  application  of 
NS AIDs  and  intake  of  antioxidants  [8]. 
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Abstract 

Assessing  risk  of  inhaled  materials  is  a  challenging  endeavor  because  of  the  profound  interspecies  differences  in 
respiratory  tract  anatomy,  physiology,  and  biochemistry.  Recent  advances  in  the  availability  of  mechanistic  data  and 
mathematical  models  for  describing  dosimetry  behavior  of  particles  and  gases  has  lead  to  improvements  in  default 
approaches  to  risk  assessment  of  inhaled  materials.  An  overview  of  some  of  the  more  well-understood  differences 
between  species  in  factors  controlling  dosimetry  and  response,  and  the  default  approach  of  the  U.S.  Environmental 
Protection  Agency  that  accounts  for  many  of  these  factors,  are  presented.  The  default  methodology  also  creates  a 
framework  which  inhalation  toxicologists  can  use  to  direct  research  at  reducing  uncertainty  in  risk  assessments  that 
might  otherwise  be  handled  through  default  uncertainty  factors.  The  optimal  approach  to  risk  assessment  is  to 
develop  chemical-specific  mode  of  action  and  dosimetry  data  that  can  be  used  quantitatively  to  replace  the  entire 
default  approach.  The  toxicology  of  vinyl  acetate  and  recent  efforts  to  develop  data  to  supplant  assumptions  made 
in  the  default  approach  are  presented.  The  conclusion  is  drawn  that  the  future  of  inhalation  toxicity  risk  assessment 
lies  in  reducing  uncertainties  associated  with  interspecies  extrapolation  and  that  to  do  this  effectively  requires 
approaches  to  toxicology  that  are  outside  of  routine  testing  paradigms,  and  are  aimed  at  elucidating  mechanisms  of 
action  through  hypothesis-driven  research. 

Keywords:  Nose;  Lung;  Inhalation  toxicity;  Risk  assessment;  Dosimetry  modeling 


1.  Introduction 

Chemical  dose-response  assessments  have  for 
years  attempted  to  adequately  account  for  a 
variety  of  factors  that  contribute  to  interspecies 
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differences  in  chemical-induced  toxicity.  The 
toxicology  of  the  respiratory  tract  is  a  particu¬ 
larly  challenging  subject  for  risk  assessors  owing 
to  the  many  anatomical,  physiological,  and  bio¬ 
chemical  differences  between  test  species  and 
humans.  The  nasal  cavity,  despite  being 
positioned  as  the  first  potential  site  of  deposition 
and  reaction  for  inhaled  substances,  has  been 
studied  extensively  only  since  the  early  1980s  [1]. 
Such  studies  have  lead  to  an  appreciation  of  the 
significance  of  portal-of-entry  effects  in  this  re- 
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gion.  Generally,  the  state-of-the-science  of  con¬ 
temporary  bioassays  is  now  such  that  much  more 
mechanistic  data  are  available  for  toxicological 
assessment.  Concurrently,  mathematical  models 
have  become  useful  to  characterize  interspecies 
dosimetry1  differences  as  well  as  dose-response 
functions.  These  models  are  significantly  reduc¬ 
ing  the  uncertainty  associated  with  human  health 
estimations  derived  from  rodent  toxicity  data. 
This  review  article  summarizes  briefly,  and  sup¬ 
erficially  in  many  cases,  how  mechanistic  data 
can  be  brought  to  bear  on  the  difficult  subject  of 
comparative  risk  assessment  of  respiratory  tract 
toxicants.  Emphasis  is  placed  on  how  flexible 
approaches,  such  as  the  U.S.  Environmental 
Protection  Agency’s  methods  for  derivation  of 
inhalation  reference  concentrations,  provide  a 
framework  that  allows  for  iterative  application  of 
mechanistic  data  to  dose-response  assessment 
and  can  direct  data  gathering  to  address  areas  of 
uncertainty  and  default  assumptions. 

2.  Factors  controlling  comparative  inhaled 
disposition 

The  various  species  used  in  inhalation  toxicol¬ 
ogy  studies  that  serve  as  the  basis  for  dose- 
response  assessment  do  not  receive  identical 
doses  in  a  comparable  respiratory  tract  region 
(extrathoracic,  ET;  tracheobronchial,  TB;  or  pul¬ 
monary,  PU)  when  exposed  to  the  same  aerosol 
or  gas  [2].  Such  interspecies  differences  are 
important  because  the  adverse  toxic  effect  is 
likely  more  related  to  the  quantitative  pattern  of 
deposition  and  subsequent  clearance  and  redis¬ 
tribution  than  to  the  exposure  concentration. 
This  section  describes  the  major  factors  that 
control  comparative  inhaled  dose.  Detailed  de¬ 
scription  of  such  factors  is  beyond  the  scope  of 
this  short  review  and  the  reader  is  referred  to 
several  extensive  discussions  of  particle  deposi¬ 
tion  [3-6]  and  gas  absorption  [3,6-10]  in  the 
respiratory  tract.  Although  the  various  factors 
are  discussed  as  distinct  entities,  it  is  important 
to  appreciate  that  the  factors  influencing  chemi- 

Dosimetry  modeling  is  used  as  a  more  comprehensive  term 
than  physiologically  based  pharmacokinetic  (PBPK)  model¬ 
ing  to  capture  not  only  model  structures  used  to  address 
volatile  organic  chemicals  but  also  irritant  gases  and  particles. 


cal  disposition  are  dynamic  and  interactive,  thus 
an  accurate  description  of  the  processes  requires 
integration.  These  factors  are  in  turn  influenced 
by  exposure  concentration,  duration,  and  fre¬ 
quency. 

2.1.  Particles 

Particles  are  deposited  in  the  respiratory  tract 
by  mechanisms  of  impaction,  sedimentation,  in¬ 
terception,  diffusion,  and  electrostatic  precipi¬ 
tation.  Subsequent  clearance  of  a  deposited  dose 
is  dependent  on  the  initial  site  of  deposition,  the 
physicochemical  properties  of  the  particles  (e.g., 
solubility),  and  on  the  time  since  deposition. 
Clearance  routes  include  dissolution  into  respira¬ 
tory  tract  tissues,  absorption  into  the  blood, 
removal  to  the  gastrointestinal  tract  via  the 
nasopharynx  or  mucociliary  escalator,  endo- 
cytosis  by  macrophages  or  epithelial  cells,  and 
absorption  into  the  lymphatic  channels. 

2.2.  Gases 

The  major  processes  affecting  gas  transport 
involve  convection,  diffusion,  absorption,  dissolu¬ 
tion,  and  chemical  reactions.  The  bulk  movement 
of  an  inhaled  gas  in  the  respiratory  tract  is 
induced  by  a  pressure  gradient  and  is  termed 
convection.  Convection  can  be  broken  down  into 
components  of  advection  (horizontal  movement 
of  a  mass  of  air  relative  to  the  airway  wall)  and 
eddy  dispersion  (air  mixing  by  turbulence  so  that 
individual  fluid  elements  transport  the  gas  and 
generate  flux).  Molecular  diffusion  is  superim¬ 
posed  at  all  times  on  convection  due  to  local 
concentration  gradients.  Absorption  removes 
gases  from  the  lumen  and  affects  concentration 
gradients.  Chemical  reactions  in  the  respiratory 
tract  can  increase  absorption  by  acting  as  a  sink 
to  drive  the  concentration  gradient.  Systemic 
metabolism  can  also  drive  the  concentration 
gradient  for  insoluble  gases  that  are  removed 
from  the  respiratory  tract  tissue  by  perfusion. 
Thus,  the  rate  of  transfer  from  the  environment 
to  the  tissue,  the  capacity  of  the  body  to  retain 
the  material,  and  elimination  of  the  parent  and 
metabolites  by  chemical  reaction,  metabolism, 
exhalation,  and  excretion  influence  the  disposi¬ 
tion  of  gases. 


MS.  Bogdanffy ,  AM.  Jarabek  I  Toxicology  Letters  82/83  (1995)  919-932 


921 


2.3.  Physicochemical  characteristics 

For  a  given  aerosol,  the  2  most  important 
parameters  determining  deposition  are  its  mass 
mean  aerodynamic  diameter  (MMAD)  and  the 
distribution  of  the  particles  about  the  mean. 
MMAD  can  be  affected  by  the  hygroscopic 
nature  of  some  particles.  As  water  is  absorbed, 
the  density  and  dimensions  of  the  particle 
change.  Solubility  of  particles  influences  their 
dissolution  and  clearance.  For  gases,  the  prop¬ 
erties  of  water  solubility  and  reactivity  influence 
their  interaction  with  the  respiratory  tract  and 
uptake.  Reactivity  includes  both  the  propensity 
for  dissociation  and  the  ability  to  react  either 
spontaneously  or  via  enzymatic  reaction  in  the 
respiratory  tract.  Systemic  metabolism,  perfusion 
rates,  and  elimination  rates  modulate  the  uptake 
of  insoluble  gases. 

2.4.  Anatomic  factors 

Anatomic  differences  among  species,  especial¬ 
ly  rodents  and  humans,  are  important  factors 
controlling  interspecies  differences  in  regional 
toxicity  of  inhaled  materials.  Species  differences 
in  gross  anatomy,  nasal  airway  epithelia  (includ¬ 
ing  type  and  location),  and  the  distribution  and 
composition  of  mucous  secretory  products  have 
been  noted  [11,12],  Differences  in  structure  of 
the  upper  respiratory  tract  (URT)  and  resultant 
differences  in  airflow  dynamics  and  lesion  dis¬ 
tribution  have  been  described  [13-15].  In  gener¬ 
al,  quadruped  species  such  as  rodents  and  dogs 
have  a  very  complicated  nasal  turbinate  struc¬ 
ture,  which  increases  airflow  turbulence,  and 
highly  developed  olfactory  systems.  On  the  other 
hand,  primates,  including  humans,  have  relatively 
poorly  developed  turbinate  structures  and  great¬ 
ly  reduced  olfactory  systems.  To  illustrate  the 
latter  difference,  approximately  50%  of  the  total 
surface  area  of  the  rat  nasal  cavity  is  lined  with 
olfactory  epithelium  while  this  figure  is  approxi¬ 
mately  10%  for  humans  [13,16].  The  effect  of 
turbinate  structure  on  URT  deposition  of  vapors 
can  be  illustrated  by  comparative  studies  with 
acetone  which  is  considered  a  relatively  nonreac¬ 
tive,  and  poorly  metabolized  vapor.  In  a  data  set 
summarized  by  Morgan  and  Monticello  [17], 


acetone  deposition  efficiency  in  the  rat,  guinea 
pig,  dog  and  human  was  12-45%,  7-20%,  52- 
60%,  and  18%,  respectively.  The  highest  rates  of 
deposition  were  found  in  the  dog  which,  among 
the  species  compared,  has  the  most  complex  set 
of  anterior  turbinates. 

There  are  also  clear  differences  between 
species  with  regard  to  the  anatomy  and  geometry 
of  the  lower  airway  (for  recent  reviews,  see 
[18,19])  that  influence  deposition  and  uptake  of 
inhaled  substances.  The  most  obvious  difference 
between  rodents  and  humans  is  the  branching 
pattern  of  the  bronchi  and  bronchioles  of  the 
lung.  In  rodents,  the  branching  pattern  is 
asymmetric  which  presents  a  relatively  unim¬ 
peded  flow  of  inspired  air  to  the  lower  respirato¬ 
ry  tract.  The  branching  pattern  in  humans,  on  the 
other  hand,  is  symmetric  presenting  an  airflow 
pattern  more  susceptible  to  deposition  at  branch 
points.  Airway  dimensions  such  as  length  and 
diameter  are  also  different  across  species. 

As  in  the  URT,  other  anatomical  differences 
between  rodents  and  humans  include  epithelial 
cell  types  and  numbers.  While  in  the  rat  the 
predominant  cell  types  lining  the  trachea  are 
serous  and  ciliated  cells,  the  predominant  cell 
types  in  bonnet  monkeys,  are  ciliated  and  basal 
cells.  The  distal  airways  of  humans  contain  sever¬ 
al  generations  of  nonrespiratory  bronchioles, 
followed  by  several  generations  of  respiratory 
bronchioles  and  alveolar  ducts.  In  contrast,  the 
terminal  bronchioles  of  rodents  are  generally 
contiguous  with  corresponding  alveolar  ducts 
[18].  The  differences  in  cell  types  populating  the 
alveolar  regions  are  less  dramatic.  There  appears 
to  be  a  significant  homogeneity  in  populations  of 
epithelial,  endothelial,  interstitial,  and  macro¬ 
phage  cells  of  the  alveolar  regions  and  in  the 
percentage  of  alveolar  surface  area  covered  by 
Type  I  and  Type  II  cells  [18,20].  Thus,  toxicants 
that  target  the  cell  types  or  anatomical  features 
that  are  specific  to  an  individual  species  are  likely 
to  present  difficulties  for  interspecies  extrapola¬ 
tion  of  dosimetry  and  response. 

2.5.  Physiological  factors 

One  of  the  most  obvious  and  significant  phys¬ 
iological  differences  between  rodents  and 
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humans  is  the  fact  that  humans  are  oronasal 
breathers  while  rodents  are  obligate  nose 
breathers.  This  has  important  ramifications  for 
particle  and  gas  deposition  in  the  upper  airways 
of  humans  as  oral  breathing  increases  with  exer¬ 
tion  [21].  Both  particles  and  gases  can  escape  the 
scrubbing  effect  of  the  URT  under  these  con¬ 
ditions  resulting  in  a  greater  delivery  of  material 
to  the  peripheral  airways. 

Differences  in  ventilation  rates  affect  the  tidal 
volume  and  ventilation-to-perfusion  ratios  across 
species.  Cardiac  outputs  and  tissue  volumes  also 
vary.  These  differences  are  important  factors  that 
interact  with  the  anatomic  differences  described 
above  to  result  in  dramatic  differences  in  deposi¬ 
tion  and  uptake  across  species. 

Mechanisms  for  clearing  particles  from  the  TB 
region  are  largely  dependent  on  dissolution  and 
physical  clearance  of  poorly  soluble  materials  by 
transport  to  the  digestive  tract  along  the  muco¬ 
ciliary  escalator  or  removal  by  macrophages  and 
epithelial  cells  following  phagocytosis.  Clearance 
in  the  PU  is  accomplished  by  dissolution,  absorp¬ 
tion  into  the  blood  or  lymphatic  channels,  and 
macrophage-mediated  removal.  In  fact, 
chemotactic  attraction  of  macrophages  shows 
interspecies  differences  in  response.  For  exam¬ 
ple,  rat  macrophages  respond  best  to  com¬ 
plement-derived  chemotactic  factors  whereas 
hamster-derived  macrophages  respond  best  to 
W-formyl  peptides  [22].  As  a  result,  rats  have  a 
greater  capacity  to  clear  materials  such  as  car¬ 
bonyl  iron.  These  data  raise  the  question  of  what 
differences  arise  with  human  macrophage  clear¬ 
ance  characteristics.  Unfortunately,  these  are 
areas  not  yet  addressed  by  quantitative  research 
and  can  only  be  considered  qualitatively  when 
evaluating  toxicity  data. 

2.6.  Biochemical  factors 

Interspecies  differences  in  biochemical  mecha¬ 
nisms  of  airway  activation,  detoxication,  and 
responses  to  inhaled  toxicants  are  largely  un¬ 
characterized  and  present  many  opportunities  for 
reducing  uncertainties  in  risk  assessments  of 
chemicals  that  undergo  metabolic  activation  or 
detoxication.  Interspecies  comparison  of  meta¬ 
bolic  capabilities  of  the  nasal  cavity  was  recently 


completed  [23,24]  which  shows  that  cytochrome 
P450  activities  for  a  variety  of  substrates  are 
metabolized  less  efficiently  in  microsomes  from 
human  nasal  mucosa  than  that  of  rodents.  On  the 
other  hand  phase  II  enzymes,  such  as  nasal  tissue 
epoxide  hydrolase  and  glutathione  5-transfer¬ 
ases,  appear  to  be  less  active  in  rodents  than  in 
humans.  A  variety  of  other  non-cytochrome  P450 
xenobiotic-metabolizing  enzymes  have  also  been 
identified  and  localized  within  specific  cell  types 
of  the  nasal  epithelium  [25],  but  interspecies 
differences  in  the  activity  of  these  enzymes  is 
largely  unknown.  Carboxylesterase  activity  is 
particularly  prominent  in  the  nasal  cavity  of 
rodents  [25-27].  Research  on  the  carboxyles- 
terase-mediated  metabolism  of  esters  suggest 
that  humans  have  a  reduced  capacity  compared 
to  rodents  [28,29]. 

With  regard  to  the  lower  airways,  comparative 
data  on  metabolic  capabilities  are  also  sparse. 
Tissue  content  and  activities  of  cytochrome  P450 
and  glutathione  5-transfereases  in  human  lung 
are  generally  lower  than  most  species  and  con¬ 
siderably  lower  than  that  of  mouse  [30,31].  These 
results  suggest  significant  differences  exist  in 
both  phase  I  and  phase  II  xenobiotic-metaboliz¬ 
ing  enzymes.  Chemical-  and  mechanism-specific 
knowledge  of  these  differences  could  contribute 
to  reductions  in  uncertainties  in  risk  assessments. 

3.  Default  dose-response  approach 

The  methods  to  derive  inhalation  reference 
concentrations  (RfCs)  are  based  on  the  same 
conceptual  approach  as  that  of  the  oral  reference 
dose  (RfD).  There  is  one  major  exception.  The 
RfC  methods  incorporate  a  dosimetric  adjust¬ 
ment  factor  (DAFr)  for  either  respiratory  tract 
region  effects  or  remote  toxicity  [3].  The  DAFr  is 
used  to  adjust  for  species  differences  in 
dosimetry.  It  is  a  multiplicative  factor  that  repre¬ 
sents  the  laboratory  animal  to  human  ratio  of  a 
given  dose  and  is  applied  to  laboratory  animal 
exposure  effect  levels  to  calculate  the  human 
equivalent  concentration  (HEC).  The  HEC  is 
expected  to  be  associated  with  the  same  de¬ 
livered  dose  to  the  observed  target  tissue  as  in 
the  experimental  species.  The  DAFr  calculated 
depends  on  (1)  the  physicochemical  characteris- 


MS.  Bogdanffy,  A.M.  Jarabek  I  Toxicology  Letters  82183  (1995)  919-932 


923 


tics  of  the  inhaled  toxicant  (particle  or  1  of  3  gas 
categories),  (2)  the  location  of  the  observed 
toxicity  (i.e.,  either  1  of  3  respiratory  tract 
regions  or  at  remote  sites),  and  (3)  the  type  of 
dosimetry  model  (default  or  optimal)  available 
for  a  particular  chemical  [3,32]. 

The  derivation  of  an  RfC  from  laboratory 
animal  data  is  generally  as  follows.  First,  because 
many  inhalation  toxicity  studies  using  laboratory 
animals  are  intermittent  exposure  regimens,  a 
concentration  (C)  times  time  ( t )  product  (C  x  t) 
prorate  adjustment  is  used  to  normalize  these 
exposures  to  a  continuous  exposure  as 

NOAEL*adj]  (mg/m3)  = 

E  (mg/m3)  X  D  (h/day/24  h)XW  (days/7 

days)  (1) 

where  the  NOAEL^DJ]  is  the  no-observed-ad¬ 
verse-effect  level  (NOAEL)  or  analogous  effect 
level  obtained  with  an  alternate  approach  such  as 
the  benchmark  dose  approach,  which  is  adjusted 
for  duration  of  experimental  regimen;  E  is  the 
experimental  exposure  level;  D  is  the  number  of 
(h  exposed /day)/ 24  h;  and  W  is  the  number  of 
days  (days  of  exposure  /week)/  7  days.  The  above 
duration  adjustment  is  also  applied  to  lowest- 
observed-adverse-effect  levels  (LOAELs). 

The  benchmark  dose  approach  has  been  pro¬ 
posed  as  an  improvement  on  the  NOAEL/ 
LOAEL  approach.  In  general  terms  it  is  the  use 
of  a  specific  mathematical  model  (e.g.,  Weibull, 
logistic,  polynomial)  to  determine  a  concentra¬ 
tion  associated  with  a  predefined  response  (e.g., 
10%  response  of  a  dichotomous  outcome)  and  an 
estimate  of  its  lower  bound.  This  approach  has  a 
number  of  advantages  in  that  estimates  derived 
take  into  account  the  slope  of  the  exposure- 
response  curve  and  the  statistical  rigor  of  ex¬ 
perimental  design.  Guidance  on  the  application 
of  this  approach  to  derivation  of  RfD  and  RfC 
estimates  is  presented  elsewhere  [33,34].  The  use 
of  the  benchmark  dose  approach  does  not  ob¬ 
viate  the  requirement  for  uncertainty  factors 
(UFs)  with  the  exception  of  the  UF  for  LOAEL 
to  NOAEL  extrapolation. 

The  rationale  for  the  default  duration  adjust¬ 
ment  is  that  the  resultant  continuous  human 
exposure  concentration  should  be  the  (C  Xt) 


equivalent  of  the  laboratory  animal  exposure 
level.  An  advantage  of  dosimetry  models  is  that 
because  they  incorporate  and  integrate  various 
physicochemical  and  physiological  determinants 
of  chemical  disposition,  and  thus  dynamically 
simulate  intermittent  or  continuous  exposure,  the 
use  of  this  duration  adjustment  is  obviated. 
Consideration  of  the  basis  of  this  adjustment  is 
beyond  the  scope  of  this  presentation  and  has 
been  reviewed  elsewhere  [35]. 

The  RfC  methods  then  calculate  the  HEC  by 
applying  a  DAFr  to  the  laboratory  animal  expo¬ 
sure  effect  level  in  order  to  account  for  species 
differences  in  dosimetry  as 

NOAEL*hec)  (mg/m3)  = 

NOAEL*adj]  (mg/m3)  X  DAFr  (2) 

where  the  NOAEL*hec]  is  the  NOAEL  human 
equivalent  concentration;  NOAEL*adj]  is  de¬ 
fined  in  Eq.  (1);  and  DAFr  is  a  dosimetric 
adjustment  factor  for  either  an  effect  in  a  specific 
respiratory  tract  region,  r  (ET,  TB,  PU,  or 
TOTAL)  or  remote  effects.  The  DAFr  is  either 
the  regional  deposited  dose  ratio  (RDDRr)  for 
particles  or  the  regional  gas  dose  ratio  (RGDRr) 
for  a  given  gas  category  and  type  of  effect  [3]. 
The  DAFr  is  constructed  using  default  normaliz¬ 
ing  factors  for  the  physiological  parameters  of 
interest.  For  example,  because  insoluble  particles 
deposit  and  clear  along  the  surface  of  the  respira¬ 
tory  tract,  the  deposited  dose  in  a  specific  region 
(e.g.,  TB)  is  commonly  normalized  to  the  surface 
area  of  that  region.  Extrarespiratory  or  remote 
effects  are  usually  normalized  to  body  weight. 

Once  the  HEC  is  calculated,  the  UFs  as  shown 
in  Table  1  are  applied  (as  required)  to  calculate 
the  RfC  as 

RfC  =  NOAEL*hec]  /(UF  X  MF)  (3) 

The  UFs  are  generally  an  order  of  magnitude, 
although  incorporation  of  dosimetry  adjustments 
or  other  mechanistic  data  has  routinely  resulted 
in  the  use  of  reduced  UFs  for  RfCs.  The  com¬ 
posite  UF  applied  to  an  RfC  will  vary  in  mag¬ 
nitude  depending  on  the  number  of  extrapola¬ 
tions  required.  An  RfC  will  not  be  derived  when 
use  of  the  available  data  involve  greater  than  4 
areas  of  extrapolation.  The  composite  UF  when 
4  factors  are  used  is  reduced  from  10  000  to  3000 
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Table  1 


Guidelines  for  the  use  of  UFs  in  deriving  inhalation  RfC 


Standard  UFs 

Processes  considered  in  UF  purview 

H,  human  to  sensitive  human 

Use  10-fold  factor  when  extrapolating  from  valid  ex¬ 

perimental  results  from  studies  using  prolonged  exposure  to 
average  healthy  humans.  This  factor  is  intended  to  account  for 
the  variation  in  sensitivity  among  the  members  of  the  human 
population. 

Pharmacokinetics/ pharmacodynamics 

Sensitivity 

Differences  in  mass 

Activity  pattern 

Does  not  account  for  idiosyncrasies 

A,  laboratory  animal  to  human 

Use  3-fold  factor  when  extrapolating  from  valid  results  of 

long-term  studies  on  experimental  animals  when  results  of 
studies  of  human  exposure  are  not  available  or  are  inadequate. 
This  factor  is  intended  to  account  for  the  uncertainty  in 
extrapolating  animal  data  to  the  case  of  average  healthy 
humans.  Use  of  a  3  is  recommended  with  default  dosimetric 
adjustments.  More  rigorous  adjustments  may  allow  additional 
reduction.  Conversely,  judgment  that  the  default  may  not  be 
appropriate  could  result  in  an  application  of  a  10-fold  factor. 

Pharmacokinetics/ pharmacodynamics 

Relevance  of  laborabory  animal  model 

Species  sensitivity 

S,  subchronic  to  chronic 

Use  10-fold  factor  when  extrapolating  from  less  than 

chronic  results  on  experimental  animals  or  humans  when  there 
are  no  useful  long-term  human  data.  This  factor  is  intended  to 
account  for  the  uncertainty  in  extrapolating  from  less  than 
chronic  NOAELs  to  chronic  NOAELs. 

Accumulation  of  chemical  or  cumulative  damage 
Pharmacokinetics /pharmacodynamics 

Severity  of  effect 

Recover 

Duration  of  study 

Dependence  of  effect  on  duration. 

L,  LOAEL(HEC)  to  NOAEL(IIEr) 

Use  10-fold  factor  when  deriving  an  RfC  from  a 

LOAEL(HEC)  instead  of  a  NOAEL(HE().  This  factor  is  in¬ 
tended  to  account  for  the  uncertainty  in  extrapolating  from  the 
LOAEL(HEC)s  to  NOAEL(HEr)s. 

Severity 

Pharmacokinetics/pharmacodynamics 

Slope  of  dose-response  curve 

Relationship  of  endpoints 

Functional  vs.  histopathological  evidence 

D,  incomplete  to  complete  database 

Use  ^  10-fold  factor  when  extrapolating  from  valid  results  in 
experimental  animals  when  the  data  are  ‘incomplete’.  This 
factor  is  intended  to  account  for  the  inability  of  any  single 
animal  study  to  adequately  address  all  possible  adverse  out¬ 
comes  in  humans. 

Lack  of  second  species 

Data  gaps  (lack  of  potential  end  points) 

Comprehensiveness  of  critical  and  supporting  studies 

Exposure  uncertainties 

Modifying  factor  (MF) 

Use  professional  judgment  to  determine  whether  another 
uncertainty  factor  (MF)  that  is  =£  10  is  needed.  The 
magnitude  of  the  MF  depends  upon  the  professional 
assessment  of  scientific  uncertainties  of  the  study  and 
database  not  explicitly  treated  above  (e.g.,  the  number  of 
animals  tested  or  quality  of  exposure  characterization).  The 
default  value  for  the  MF  is  1. 

Source:  Refs.  3  and  45. 


in  recognition  of  the  lack  of  independence  of  cally  believed  to  be  encompassed  by  each  UF. 

these  factors.  The  lack  of  independence  is  evi-  By  definition,  a  database  for  derivation  of  a 

dent  in  Table  1  which  shows  the  various  pharma-  dose-response  estimate  for  noncancer  toxicity 

cokinetic  and  pharmacodynamic  processes  typi-  should  ensure  that  both  appropriate  and 
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adequate  numbers  of  endpoints  have  been  evalu¬ 
ated.  The  minimum  requirement  for  derivation 
of  an  RfC  with  low  confidence  is  a  well-con¬ 
ducted  subchronic  inhalation  bioassay  that  evalu¬ 
ated  a  comprehensive  array  of  endpoints,  includ¬ 
ing  an  adequate  evaluation  of  respiratory  tract 
effects,  and  established  an  unequivocal  NOAEL 
and  LOAEL.  Chronic  inhalation  bioassay  data  in 
2  different  mammalian  species,  developmental 
studies  in  2  different  mammalian  species,  and  a 
2-generation  reproductive  study  may  be  required 
to  establish  high  confidence.  The  rationale  sup¬ 
porting  these  data  requirements  is  that,  since  the 
objective  of  the  RfC  is  to  serve  as  a  lifetime 
estimate,  all  potential  endpoints  at  various  criti¬ 
cal  life  stages  must  be  evaluated.  Well-defined 
and  conducted  subchronic  toxicity  studies  are 
considered  to  be  reliable  predictors  of  many 
forms  of  chronic  toxicity,  with  the  notable  excep¬ 
tions  of  carcinogenic,  teratogenic,  and  reproduc¬ 
tive  effects.  The  specific  requirement  for 
adequate  respiratory  tract  evaluation  arises  from 
the  increased  potential  for  the  portal-of-entry 
tissue  to  interact  intimately  with  chemicals. 
Dosimetry  data  that  indicate  distribution  to  ex- 
trarespiratory  tract  sites  is  insignificant  (e.g.,  a 
highly  reactive  and  irritant  gas  which  causes 
respiratory  tract  damage)  may  obviate  the  re¬ 
quirement  for  reproductive  and  developmental 
data.  If  these  minimum  database  requirements 
are  not  met,  an  RfC  is  not  derived. 

4.  RfC  framework  for  interspecies  dosimetry 
adjustments 

As  illustrated  in  Fig.  1,  it  is  ultimately  desir¬ 
able  to  have  a  comprehensive  biologically  based 
dose-response  model  that  incorporates  the  mech¬ 
anistic  determinants  of  chemical  disposition,  tox¬ 
icant-target  interactions,  and  tissue  responses 
integrated  into  an  overall  model  of  pathogenesis 
in  order  to  characterize  the  exposure-dose-re¬ 
sponse  continuum.  Unfortunately,  the  data  to 
construct  such  comprehensive  model  structures 
do  not  exist  for  the  majority  of  chemicals.  With¬ 
out  dosimetry,  default  methods  for  dose-re¬ 
sponse  estimation  are  limited  to  the  rudimentary 
(‘black-box’)  level  and  necessarily  incorporate 
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Fig.  1.  Schematic  characterization  of  comprehensive  ex¬ 
posure-dose-response  continuum  and  the  evolution  of  protec¬ 
tive  to  predictive  dose-response  estimates  [3]. 


large  UFs  to  ensure  that  the  estimates  are 
protective  in  the  presence  of  substantial  data 
gaps.  With  each  progressive  level,  incorporation 
and  integration  of  mechanistic  determinants 
allow  elucidation  of  the  exposure-dose-response 
continuum  and,  depending  on  the  knowledge  of 
model  parameters  and  fidelity  to  the  biological 
system,  a  more  accurate  characterization  of  the 
pathogenesis  process.  Due  to  the  increase  in 
accuracy  of  the  characterization  with  each  pro¬ 
gressive  level,  dose-response  estimates  also  pro¬ 
gress  from  more  conservative  (protective)  to 
factually  based  (predictive)  [32]. 

Mathematical  dosimetry  models  that  incorpo¬ 
rate  mechanistic  determinants  of  disposition  of 
chemicals  have  been  useful  in  describing  rela¬ 
tionships  between  exposure  concentration  and 
target  tissue  dose,  particularly  as  applied  to 
describing  these  relationships  for  the  dose-re¬ 
sponse  component  of  risk  assessment.  The  de¬ 
fault  dosimetric  adjustments  used  in  the  RfC 
methods  were  based  on  comprehensive  model 
structures  and  reduced  to  forms  requiring  a 
minimal  number  of  parameters  by  utilizing  the 
dominant  determinants  of  disposition  for  various 
categories  of  compounds  and  simplifying  as¬ 
sumptions  [3,32]. 

For  example,  because  a  theoretical  model  of 
particle  deposition  requires  detailed  information 
on  all  of  the  influential  parameters  (e.g.,  respira¬ 
tory  rates,  exact  airflow  patterns,  complete  mea¬ 
surement  of  the  branching  pattern  of  the  respira- 
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tory  tract)  across  the  various  species  used  in  risk 
assessment,  an  empirical  model  (i.e.,  a  system  of 
equations  fit  to  experimental  data)  was  de¬ 
veloped  as  the  default  model  [3]. 

The  default  DAF  calculated  for  gases,  as  for 
particles,  is  different  for  each  respiratory  tract 
region  or  for  remote  effects.  In  addition,  the 
DAF  for  gases  is  dependent  on  which  of  3 
categories  classifies  the  gas.  The  scheme  used  to 
categorize  gases  (Fig.  2)  was  constructed  based 
on  the  physicochemical  characteristics  of  water 
solubility  and  reactivity  as  major  determinants  of 
gas  uptake.  Reactivity  is  defined  to  include  both 
the  propensity  for  dissociation  and  the  ability  to 
react  either  spontaneously  or  via  enzymatic  reac¬ 
tion  in  the  respiratory  tract.  The  scheme  does  not 
apply  to  stable  gases  that  exert  their  effects  by 
reversible  ‘physical’  interactions  of  gas  molecules 
with  biomolecules  (e.g.,  ‘displacement’  of  oxygen 
by  carbon  dioxide). 

As  an  example,  Fig.  3  shows  the  schematic  for 
the  default  model  used  to  characterize  respirato- 
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Fig.  2.  Gas  categorization  scheme  based  on  water  solubility 
and  reactivity  as  major  determinants  of  gas  uptake  [3,32]. 
Reactivity  is  defined  to  include  both  the  propensity  for 
dissociation  as  well  as  the  ability  to  serve  as  a  substrate  for 
metabolism  in  the  respiratory  tract.  Definitive  characteristics 
of  each  category  and  the  anticipated  location  (region)  for 
respiratory  tract  uptake  are  shown. 
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Fig.  3.  Schematic  of  model  to  estimate  default  DAFr  for  gases 
in  category  1  [3,32].  a,  airway  perimeter;  Calv,  pulmonary 
region  gas  concentration;  Ch,  blood  concentration;  C;,  inhaled 
concentration;  CX(EXH)et,  concentration  existing  from  ET 
region  upon  exhalation;  CX(EXH),U,  concentration  existing 
from  PU  region  upon  exhalation;  CX(EXH) ,  l},  concentration 
exiting  from  TB  region  upon  exhalation;  CX(INH)ET,  con¬ 
centration  exiting  from  ET  region  upon  inhalation;  CX- 
INH)tb,  concentration  exiting  from  TB  region  upon  inhala¬ 
tion;  dx.  differential  of  axial  distance  into  airway;  ET, 
extrathoracic  respiratory  region;  XsliT,  overall  mass  transport 
coefficient  of  the  ET  region;  /CuIM ; ,  overall  mass  transport 
coefficient  of  the  PU  region;  KkTH,  overall  mass  transport 
coefficient  of  the  TB  region;  alv,  alveolar  ventilation  rate;  VE, 
minute  ventilation. 


ry  tract  uptake  of  category  1  gases.  Category  1 
gases  are  defined  as  highly  water  soluble  and 
rapidly  reactive.  Because  of  these  properties, 
category  1  gases  (e.g.,  hydrogen  fluoride,  chlor¬ 
ine,  formaldehyde,  and  the  organic  esters)  are 
likely  to  interact  with  the  respiratory  tract.  The 
objective  of  the  default  modeling  approach  is  to 
describe  the  effective  dose  to  the  3  regions  by 
addressing  the  absorption  or  ‘scrubbing’  of  the 
gas  from  the  inspired  airstream  as  it  travels  from 
the  ET  to  PU  region.  The  approach  used  to 
model  the  uptake  is  based  on  the  concept  of  an 
overall  mass  transfer  coefficient,  K„  [3,32].  The 
concept  of  the  K„  is  based  on  a  concentration 
gradient  analysis  similar  to  Fick’s  Law  of  diffu¬ 
sion  and  is  utilized  to  describe  transport  through 
several  different  phases,  such  as  air  and  the 
liquid /tissue  phase  of  the  respiratory  tract.  A 
fractional  penetration  model  is  used  to  determine 
the  fraction  of  the  inhaled  concentration  in  each 
region.  For  example,  the  uptake  in  the  ET  region 
and  the  output  to  the  TB  region  (fractional 
penetration,  fpET)  is  dependent  on  the  K„ET,  so 
that  uptake  in  the  ET  region  is  defined  as  1  — 
fp et'  A  ventilation-perfusion  model  is  used  to 
estimate  the  uptake  in  the  PU  region  by  sub- 
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stituting  the  concentration  of  the  air  exiting  the 
TB  region  for  the  inhaled  concentration.  The 
rate  of  mass  absorbed  at  the  gas-surface  interface 
of  the  airway  in  a  region  (r)  is  simply  the  product 
of  the  absorbed  fraction,  (1  -  fpT ),  and  the  total 
mass  inhaled  during  a  single  breath,  VECt,  where 
Cj  is  the  inhaled  concentration.  The  VE  is  used  as 
the  default  volumetric  flow  rate  because  it  ap¬ 
proximates  the  flow  rate  at  which  the  animal  was 
breathing  during  the  experimental  exposure.  The 
alveolar  ventilation  rate  is  used  to  calculate  the 
absorption  rate  for  the  PU  region. 

The  DAFr  for  each  region  is  then  calculated 
based  on  equations  describing  the  relationship 
between  Kg  and  1  —fpT  for  each  region,  the 
ventilation  rate,  and  regional  surface  area.  The 
assumption  that  absorption  is  distributed  equally 
within  a  region  allows  the  description  on  a 
regional  basis.  Although  this  is  a  drastically 
reduced  number  of  parameters  in  comparison  to 
distributed  parameter  model  descriptions,  the 
default  model  does  require  Kg  values  for  differ¬ 
ent  animal  species  and  gases.  It  is  important  to 
note  that  Kg  is  both  species  and  chemical 
specific.  Values  of  Kg  obtained  in  a  single  animal 
species  may  be  scaled  within  a  species  for  a 
different  gas  in  the  same  category  by  decompos¬ 
ing  Kg  to  the  individual  gas-phase  and  surface- 
liquid /tissue  phase  transport  resistances  [3].  The 
default  equations  can  be  further  reduced  by 
applying  additional  simplifying  assumptions  re¬ 
garding  the  likely  values  of  Kg.  The  derivation  of 
the  equations  and  DAFr  for  each  region,  includ¬ 
ing  the  models  for  the  2  other  gas  categories,  are 
provided  in  detail  elsewhere  [3]. 


An  understanding  of  the  basis  for  the  default 
adjustments  allows  development  of  a  framework 
for  the  evaluation  of  whether  an  alternative 
model  structure  may  be  considered  optimal  rela¬ 
tive  to  the  default.  Depending  on  the  relative 
importance  of  these  various  determinants, 
models  with  less  detail  (i.e.,  less  of  the  deter¬ 
minants  depicted  in  Fig.  1)  may  be  used  to 
adequately  describe  difference  in  dosimetry  for 
the  purposes  of  interspecies  extrapolation.  An 
alternative  model  might  be  considered  more 
appropriate  than  the  default  for  extrapolation 
when  default  assumptions  or  parameters  are 
replaced  by  more  detailed,  biologically  motivated 
description  or  actual  data,  respectively.  For  ex¬ 
ample,  a  model  could  be  preferable  if  it  incorpo¬ 
rates  more  chemical-  or  species-specific  infor¬ 
mation  or  if  it  accounts  for  more  mechanistic 
determinants.  These  considerations  are  summa¬ 
rized  in  Table  2.  The  sensitivity  of  the  model  to 
these  differences  in  structure  may  be  gauged  by 
its  relative  importance  in  describing  the  response 
function  for  a  given  chemical. 

5.  Opportunities  to  replace  default  approaches 
with  mechanistic  data:  vinyl  acetate  as  an 
example 

Improvements  in  the  design  of  standard  inha¬ 
lation  toxicity  studies  and  development  of  ad¬ 
junct  mechanistic  data  should  increase  the  ac¬ 
curacy  of  extrapolation  and  thereby  reduce  un¬ 
certainty.  Given  the  default  paradigm  presented 
above,  studies  can  be  conducted  to  address 


Table  2 

Hierarchy  of  model  structures  for  dosimetry  and  interspecies  extrapolation 
Optimal3  model  structure 

Structure  describes  all  significant  mechanistic  determinants  of  chemical  disposition,  toxicant-target  interaction,  and  tissue  response 

Uses  chemical-specific  and  species-specific  parameters 

Dose  metric  described  at  level  of  detail  commensurate  to  toxicity  data 

Default  model  structure 

Limited  or  default  description  of  mechanistic  determinants  of  chemical  disposition,  toxicant-target  interaction,  and  tissue  response 
Uses  categorical  or  default  values  for  chemical  and  species  parameters 
Dose  metric  at  generic  level  of  detail 


Source:  Refs.  3  and  32. 

a  Optimal  is  defined  as  preferable  or  more  appropriate  relative  to  the  default. 
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specific  areas  of  uncertainty  highlighted  by  the 
default  approach  and  the  range  of  UFs  used  in 
the  default  approach.  Aside  from  using  the  RfC 
methodology  as  a  guide  in  this  process,  all 
studies  should  be  designed  to  answer  specific 
questions;  i.e.,  they  should  be  hypothesis  driven. 
Too  often,  toxicologists  are  resorting  to  standard 
study  protocols  with  little  thought  given  to  the 
health  question  being  addressed.  Presented 
below  is  an  example  of  the  nasal  toxicant  vinyl 
acetate  and  how  data  on  mode  of  action  can  be 
used  to  address  many  of  the  default  factors  used 
in  the  conventional  RfC  methodology. 

5.1.  UF:  duration  adjustment  and  choice  of 
dosimetries 

As  discussed  above,  the  underlying  assumption 
of  Eq.  2,  that  the  resultant  continuous  human 
equivalent  exposure  concentration  should  be  the 
C  x  t  product  equivalent  of  the  experimental 
animal  exposure,  is  essentially  ‘Haber’s  Law’. 
Accordingly,  a  constant,  in  this  case  a  fixed  effect 
level  (i.e.,  a  constant  severity  and/or  incidence 
level)  is  assumed  to  be  related  to  the  C  Xt 
product.  Toxicity,  however,  can  depend  on  the 
magnitude,  duration,  and  frequency  of  exposure. 
If  detoxication  or  elimination  occurs  between 
successive  doses,  then  the  C  X  t  product  may  not 
be  an  appropriate  dose  metric  and  the  duration 
adjustment  becomes  too  conservative.  The 
choice  of  an  appropriate  measure  of  dose  must 
be  defined  by  the  nature  of  the  pathogenesis 
process  for  the  effect  under  consideration.  Con¬ 
centration  and  time  study  designs  may  provide 
insight  on  whether  concentration,  duration,  or 
the  product  most  influence  the  toxicity.  Because 
dosimetry  models  can  integrate  time-  and  con- 

Table  3 

Advantages  of  PBPK/dosimetry  modeling  approach 


centration-dependent  processes  (e.g.,  distribution 
and  metabolism  rates)  that  are  important  mech¬ 
anistic  determinants  of  toxicity,  they  can  elimi¬ 
nate  the  need  for  the  default  C  X  t  product 
duration  adjustment  and  provide  insight  on  the 
proper  dose  metric  to  use  [35].  These  models  can 
be  linked  to  pharmacodynamic  models  that  ad¬ 
dress  factors  influencing  tissue  response  and 
further  refine  the  choice  of  dose  metric.  In  the 
case  of  vinyl  acetate,  it  is  the  acetic  acid  pro¬ 
duced  within  sustentacular  cells  of  olfactory 
epithelium  that  initiates  cytotoxicity.  Cell  death 
is  likely  a  consequence  of  heavy  tissue  proton 
burdens  that  overwhelm  the  natural  cellular 
buffering  and  proton  transport  mechanisms 
[36,37].  Such  a  mechanism  suggests  that  response 
is  dependent  on  the  intracellular  proton  con¬ 
centrations  as  a  dose  metric.  PBPK  models  have 
the  capability  to  account  for  many  of  these 
factors  in  a  chemical-  and  species-specific  manner 
(Table  3).  A  recent  review  of  these  methods  for 
nasal  toxicants  illustrated  a  variety  of  approaches 
to  using  dosimetry  models  to  address  these  issues 
[38].  A  model  of  vinyl  acetate  deposition  and 
metabolism  has  recently  been  developed  [37] 
(Fig.  4).  The  model  construct  is  similar  to  that 
developed  by  Morris  et  al.  [39].  Dosimetries  for 
acetic  acid  and  acetaldehyde  formation  are  gen¬ 
erated  for  specific  sites  within  the  nose  such  as 
respiratory  vs.  olfactory  epithelium.  A  human- 
equivalent  model  can  be  developed  in  which 
human-specific  data  on  airflow  characteristics 
[40]  and  metabolism  [41]  are  incorporated  into 
the  model.  These  attributes  of  the  model  enable 
a  more  close  mechanistic  link  between  the 
specific  tissue  affected  and  the  tissue  dosimetry 
of  the  toxic  metabolite  causing  olfactory  degene¬ 
ration  (acetic  acid).  This  is  an  improvement  over 


•  Allows  integration  and  extrapolation  using  diverse  data 

•  Predicts  complex  kinetic  behavior 

•  Capability  to  ‘lump’  or  ‘split’  model  structure  to  explore  dose  response 

•  Enables  interspecies  dosimetric  comparisons 

•  Allows  parameter  scaling  across  species 

•  Facilitates  hypothesis  generation 

•  Identifies  areas  of  needed  research 
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Vinyl  Acetate  PB-PK  Model  Structure 


Dorsal  Medial  Airflow 


Respiratory 

Lateral/Ventral  Airflow 


Fig.  4.  Schematic  diagram  of  the  vinyl  acetate  PBPK  model. 
The  model  structure,  developed  by  Morris  [39]  is  based  on 
airflow  patterns  and  anatomic,  physiologic  and  biochemical 
data  specific  to  the  nasal  cavity. 

the  default  RfC  dosimetry  approach  in  a  number 
of  ways  including  providing  site-specific  infor¬ 
mation  on  metabolism  (as  opposed  to  a  regional 
K  ).  The  use  of  this  model  should  therefore 
result  in  a  reduction  in  the  residual  UF  of  3. 

5.2.  UF:  completeness  of  database 

An  incomplete  data  set  will  frequently  result  in 
the  application  of  a  10-fold  UF.  Vinyl  acetate  has 
been  tested  in  90-day  and  2-year  inhalation 
studies  in  both  rats  and  mice  in  which  the 
pathology  of  URT  lesions  has  been  characterized 
by  extensive  histopathology  examination.  A 
study  design  using  adequate  numbers  of  animals 
and  interim  sacrifices,  ensured  reasonable 
statistical  power.  These  studies  showed  the  criti¬ 
cal  effect  is  degeneration  of  the  olfactory  epi¬ 
thelium  with  NOAEL  of  50  ppm.  A  significant 
incidence  of  nasal  tumors  was  observed  at  the 
highest  concentration  of  600  ppm.  Occupational 
exposure  data  show  no  adverse  effects  of  expo¬ 
sure  at  mean  exposure  levels  of  approximately 
8.6  ppm.  Inhalation  developmental  toxicity 
studies  showed  there  was  no  embryolethality  or 
developmental  toxicity  at  levels  below  maternally 
toxic  levels.  Although  an  inhalation  reproductive 
toxicity  study  has  not  been  conducted,  a  mul¬ 
tigeneration  drinking  water  study  was  negative. 
Thus,  with  the  possible  exception  of  an  inhala¬ 
tion  reproductive  toxicity  study,  this  database 
was  considered  complete.  FLowever,  the  lack  of 


evidence  for  systemic  toxicity,  coupled  with  esti¬ 
mates  of  nasal  metabolism  that  suggest  complete 
metabolism  within  the  nose  and  dosimetry  data 
indicating  insignificant  remote  distribution  of 
vinyl  acetate  (discussed  below),  obviate  the  need 
for  studies  of  reproductive  toxicity.  Thus,  there  is 
no  need  for  an  UF  to  account  for  these  data 
gaps. 

5.3.  UF:  subchronic  to  chronic 

In  the  case  of  vinyl  acetate,  there  is  no  need 
for  the  application  of  an  UF  to  account  for  the 
lack  of  a  chronic  inhalation  bioassay.  However 
for  many  chemicals  such  data  will  not  be  avail¬ 
able  and  will  require  the  uncertainty  of  unknown 
outcomes  from  chronic  exposure  to  be  ad¬ 
dressed.  Adjunct  data  on  metabolism  that  bear 
on  the  question  of  accumulation  of  toxic  metabo¬ 
lites  and  lesion  repair  rates  could  be  important 
factors  for  reducing  this  uncertainty.  In  cases 
where  toxic  metabolites  or  lesions  do  not  ac¬ 
cumulate  over  time  one  might  expect  that  toxic 
levels  of  exposure  would  be  similar  despite  the 
length  of  exposure.  This  is  the  case  for  many 
irritants.  Lesion  repair  often  begins  during  expo¬ 
sure  and  may  not  be  observable  at  time  of 
sacrifice.  As  an  example,  recovery  of  olfactory 
epithelial  damage  was  observed  to  commence 
prior  to  cessation  of  methyl  bromide  exposures 
[42].  Incorporation  of  interim  sacrifices  into 
standard  inhalation  bioassay  study  designs  could 
provide  information  on  the  chronological  dynam¬ 
ics  of  lesion  formation  and  repair.  In  an  empiri¬ 
cal  approach  to  the  issue  of  differences  in  toxic 
exposure  levels  between  subchronic  and  chronic 
exposures  and  the  appropriateness  of  UFs,  Nes- 
sel  et  al.  [43]  summarized  the  LOAEL  subchronic  ^ 
LOAELchronic  for  9  studies,  the  majority  of 
which  showed  portal-of-entry  effects.  The  mean 
ratio  was  4.5  suggesting  that  a  factor  10  might  be 
excessive  for  these  types  of  chemical. 

5.4.  UF:  LOAEL  to  NOAEL 

Since  inhalation  studies  are  difficult  to  con¬ 
duct,  the  toxicologist  is  frequently  faced  with  less 
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than  adequate  range  finding  data  to  support  the 
choice  of  exposure  concentrations  for  the  defini¬ 
tive  bioassay.  In  addition,  maintaining  accurate 
exposure  levels  can  be  technically  difficult  re¬ 
sulting  in  excursions  above  or  below  the  target 
concentration.  These  factors,  among  others,  can 
contribute  to  a  target  NOAEL  becoming  a 
LOAEL.  Information  which  could  help  reduce 
this  uncertainty  includes  structure  activity  rela¬ 
tionships  showing  NOAELs  for  similar  com¬ 
pounds.  The  benchmark  dose  approach  offers  an 
advantage  in  this  situation  since  the  model  allows 
the  estimation  of  NOAELs.  Toxicologists  design¬ 
ing  inhalation  bioassays  should  be  knowledge¬ 
able  about  this  approach  in  order  to  gain  the 
complete  advantages  of  its  implementation.  The 
approach  rewards  statistically  robust  study  de¬ 
signs  (large  numbers  of  experimental  groups, 
large  numbers  of  animals  per  group)  with  better 
estimates  of  the  NOAEL  and  lower  bound 
estimates  that  are  close  to  the  maximum  likeli¬ 
hood  estimates.  The  cost  of  the  improved  study 
design  must  be  weighed  against  its  potential 
benefit.  In  the  case  of  vinyl  acetate,  NOAELs 
were  determined  in  all  studies.  However,  because 
the  benchmark  dose  approach  allows  interpola¬ 
tion  between  exposure  levels,  the  benchmark 
estimate  turned  out  to  be  higher  than  the  lowest 
concentration  tested  (50  ppm).  Therefore  no  UF 
is  necessary. 

5.5.  UF:  laboratory  animal  to  human  and 
intrahuman  variability 

As  explained  above,  what  is  known  about 
interspecies  differences  in  respiratory  tract 
dosimetry  (‘pharmacokinetic’  processes)  and  tis¬ 
sue  response  (‘pharmacodynamic’  processes) 
suggest  that  these  differences  are  significant.  As 
noted  in  Table  1,  pharmacokinetic  and  phar¬ 
macodynamic  processes  fall  under  the  purview  of 
both  the  interspecies  and  the  intrahuman  UFs 
and  the  factors  are  typically  parcelled  into  factors 
of  3  each.  These  factors  are  shown  incorporated 
into  the  exposure-dose-response  framework  in 
Fig.  5.  The  default  UF  for  interspecies  extrapola¬ 
tion  is  10-  or  approximately  ‘halved’  in  the  RfC 
methods  because  application  of  the  default  DAFr 


Pharm  a  c okin  etic  Pharma  codynamic 


Pharm  acok  i  netic  Ph  armacodynamic 

Fig.  5.  Interspecies  and  intraspecies  (intrahuman)  UFs  in- 
coi  porated  into  framework  of  exposure-dose-response  con¬ 
tinuum  (Ref.  45,  as  modified  from  [46]). 

was  thought  to  account  for  a  portion  of  the 
‘pharmacokinetic’  portion  of  the  extrapolation. 
Although  the  default  DAFr  also  adjusts  for 
factors  that  control  target  dose  in  humans,  a 
portion  of  the  uncertainty  was  left  remaining 
because  the  adjustments  are  viewed  as  default. 
More  robust  dosimetry  models  can  be  antici¬ 
pated  to  obviate  the  entire  pharmacokinetic 
component.  In  the  case  of  vinyl  acetate,  the 
proposed  PBPK  model  [37]  can  be  scaled  to 
humans  and  used  with  human-specific  parameter 
values.  Use  of  these  robust  dosimetry  models  to 
simulate  the  experimental  animal  and  anticipated 
human  exposure  scenario  in  order  to  calculate 
the  HEC  estimates  could  obviate  both  parcels  of 
the  pharmacokinetic  component. 

Models  that  address  the  determinants  of  re¬ 
sponse  may  impact  the  pharmacodynamic  com¬ 
ponent.  In  the  case  of  the  URT,  few  diseases  are 
known  to  be  pre-existent  and  not  attributable  to 
some  source  of  ambient  exposure.  Effects  such  as 
rhinitis,  rhinorrhea,  irritation,  and  swelling  of  the 
mucous  membranes  are  shared  among  those 
caused  by  airborne  allergens  and  low-level 
chemical  exposure  [44].  Thus,  it  is  possible  that 
atopic  status  or  pre-existing  URT  disease  may 
represent  susceptibility  factors  for  chemical 
exposures  that  cause  URT  damage. 

With  regard  to  the  mechanism  of  vinyl  acetate 
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toxicity,  populations  with  reduced  olfactory 
capacity  and  those  with  high  nasal  carboxylester- 
ase  activities  would  be  expected  to  show  sen¬ 
sitivity.  Studies  on  human  nasal  carboxylesterase 
with  vinyl  acetate  showed  a  relatively  tight  range 
of  activities  for  both  respiratory  and  olfactory 
epithelium  [41].  The  sample  population  was  from 
9  donors  and  included  predominantly  Caucasian 
male  donors  aged  54-82  years.  To  the  extent  that 
there  is  some  homogeneity  within  this  popula¬ 
tion,  an  argument  could  be  made  that  some 
reduction  in  the  pharmacodynamic  portion  of  the 
UF  is  warranted  since  the  rates  of  metabolism 
used  in  the  model  reflected  this  variability. 


6.  Conclusions 

This  overview  illustrates  the  many  complex¬ 
ities  involved  with  assessing  risk  of  inhaled 
materials  and  highlights  the  many  assumptions 
that  contribute  to  uncertainty  in  these  assess¬ 
ments.  However,  by  conducting  toxicological 
research  in  a  manner  that  is  aimed  at  addressing 
uncertainties,  more  meaningful  and  realistic  as¬ 
sessments  can  be  made.  Physiologically  based 
approaches  to  modeling  dosimetry  of  inhaled 
materials  is  becoming  more  common.  Basic  re¬ 
search  on  mechanisms  of  action  is  needed  to 
enable  development  of  response  models.  With 
regard  to  both  dosimetry  and  response,  research 
on  human-specific  parameters  appears  to  be  the 
area  in  greatest  need  for  research. 
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Abstract 


The  extensive  worldwide  efforts  of  structural  modification  of  natural  pyrethrins  for  better  performances  have 
resulted  in  successful  development  of  a  wide  variety  of  synthetic  pyrethroids  with  tremendously  high  efficacy, 
knock-down  activity  or  vapor  action,  and/or  with  acceptable  environmental  stability  and  safety.  Currently  these 
pyrethroids  including  their  preferentially  manufactured  stereoisomers  are  widely  used  in  agriculture,  and  for  public 
health  as  well  as  household  insect  control.  The  detailed  toxicology  and  metabolism  studies  intended  to  attain  human 
risk  assessment  have  revealed  that  with  voltage-dependent  sodium  channel  as  target  site  pyrethroids  induce 
pronounced  repetitive  activity  characterized  grossly  by  tremor,  hypersensitivity,  choleoathetosis,  and  salivation.  In 
addition  so-called  cyano-pyrethroids  cause  transient  skin  paresthesia  in  workers.  With  regard  to  tumongemcity, 
mutagenicity,  teratogenicity  and  developmental  toxicity,  no  significant  findings  have  been  reported  Pyrethroids  are 
eliminated  from  the  animals  quite  rapidly  and  completely,  undergoing  oxidation  and  ester  hydrolysis  followed  y 
various  conjugations,  with  low  tissue  residues.  Thus,  overall,  sound  scientific  bases  exist  for  human  risk  assessment 
under  the  present  usage  conditions. 

Keywords:  Pyrethroids;  Risk  assessment;  Skin  paresthesia;  Esterase;  Sodium  channel 


The  pyrethroid  constitutes  one  unique  group 
of  insecticides  which  possess  ample  possibility  of 
structural  modification,  to  attain  diversified 
characteristic  features.  Namely,  immediately 
after  elucidation  of  chemical  structure  of  6  insec¬ 
ticidal  entities  in  chrysanthemum  flowers  just 
after  World  War  II  (Fig.  1  depicts  pyrethrin-I, 
one  of  the  major  components),  extensive  efforts 
were  made  to  modify  both  acid  and  alcohol 
moieties,  to  lead  to  synthetic  pyrethroids  with  a 
variety  of  chemical  structures. 

No  one  had  ever  thought  that  such  a  diver- 
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sified  degree  of  modification,  which  has  been 
successfully  attained  in  structure  as  well  as  in 
biological  activity,  could  have  resulted  in  opening 
a  new  era  in  our  pest  control  strategy  with 
pyrethroids.  Fig.  2  shows  5  examples  of  such  a 
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1 .  Killing  activity 

Deltamethrin 

2.  Knock  down 

Prallethrin 
{0.025%  oil) 

3.  Vapor  action 

Empenthrin 

4.  Photostability 

Cypermethrin 

5.  Chirality/Efficacy 

Fenvalerate 
(2S,  aS ) 


,)==S;  'co 


LD50;  mg  kg-1  0.008 
{Phaedon  cochleariae) 
(X40/Pyrethrin  I) 


KTS0,  min  3.1 
(German  cockroach) 


1.3X1CT3mmHg  (25°C) 


Typical  field  life 
>20days 

(<1day/Pyrethrin  I) 


H  CN 


LCS0,ppm  2S,  arS  1.4 
(Spodoptera  2S,  aRS  >500 
litura) 


Fig.  2.  Pyrethroids  with  different  characteristics. 


variety  of  activities  of  pyrethroids  including  a 
remarkable  high  killing  activity  with  deltameth¬ 
rin,  rapid  knock  down  activity  by  prallethrin, 
vapor  action  at  room  temperature  by  empenth¬ 
rin,  and  photostability  of  cypermethrin  as  well  as 
deltamethrin  and  fenvalerate.  In  many  of  these 
respects  synthetic  pyrethroids  surpass  natural 
pyrethrins.  One  of  the  characteristics  of  pyret¬ 
hroids  is  a  tremendous  difference  in  biological 
activity  among  chiral  isomers,  fenvalerate  being 
one  such  example;  its  [25, a5]  isomer  is  approxi¬ 
mately  500  times  more  active  than  the  [2tf  ,a/?5] 
counterpart,  and  specific  chiral  isomers  such  as 
deltamethrin  and  esfenvalerate  or  fenvalerate 
isomer  are  commercially  prepared  and  being 
marketed. 

Thus,  depending  on  these  characteristic  prop- 
Table  1 

Toxic  symptoms  (Type  I  and  Type  II)  of  pyrethroids  in  mammals 

TyPe  Pyrethroids 

*  Pyrethrin 

Allethrin 

Tetramethrin 

Resmethrin 

Phenothrin 

Permethrin  (non-cyano) 

11  Cypermethrin 

Deltamethrin 
Fenvalerate 
Cyhalothrin  (cyano) 

"^xec*  Fenpropathrin 

_ _ _  Cyphenothrin  (cyano) 


erties,  some  pyrethroids  are  being  used  world¬ 
wide  for  household  insect  control  and  public 
health  purposes,  whereas  others  are  extensively 
used  in  agriculture  owing  to  the  increased  photo¬ 
stability,  yet  with  the  acceptable  environmental 
safety  coupled  with  the  desired  efficacy.  With 
respect  to  acute  toxicity  in  mammals,  generally 
pyrethroids  are  of  low  toxicity,  certain  members 
having  LD5{)  values  of  above  1000  mg/ kg  body 
wt.  Moreover,  pyrethroids  show  a  much  higher 
selective  toxicity  ratio,  implying  they  can  be  used 
more  safely  [1].  In  subsequent  parts  of  the  paper 
the  present  status  of  mammalian  toxicology  of 
pyrethroids  is  briefly  dealt  with  which  will  give 
some  thoughts  on  the  role  of  toxicology  for 
tomorrow’s  risk  assessment  of  pyrethroids. 

As  neuropoisons,  pyrethroids  develop  a  varie¬ 
ty  of  toxic  symptoms  in  mammals,  as  exemplified 
in  Table  1.  Traditionally,  these  symptoms  are 
classified  into  Type  I  and  Type  II  [2]:  Type  I 
symptoms,  mainly  observed  in  so-called  non- 
cyano  compounds,  are  characterized  by  tremor, 
aggressive  sparring  and  increased  sensitivity  to 
external  stimuli,  whereas  cyano-pyrethroids  de¬ 
velop  mainly  salivation  and  choreoathetotic 
movement  abbreviated  as  CS-syndrome.  How¬ 
ever,  some  pyrethroids  including  fenpropathrin 
and  cyphenothrin  show  mixed  T  and  CS  symp¬ 
toms.  Neurotoxicity  studies  in  animals  reveal 
decreased  motor  activity  and  modified  acoustic 
startle  response  in  amplitude  and  latent  periods, 
although  no  data  are  shown  here. 


Symptoms 

T-syndrome 

Aggressive  sparring 

Increased  sensitivity  to  external  stimuli 

Prostration 

Tremor 

CS-syndrome 

Pawing  and  burrowing 

Salivation 

Clonic  seizure 

Choleoathetosis 

T-syndrome  /  CS-syndrome 
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The  toxic  symptoms  of  pyrethroids  observed  in 
humans  are  considered  similar  to  a  certain  ex¬ 
tent,  to  those  in  mammals,  although  no  reliable 
reports  on  death  by  professional  exposure  have 
been  available.  Two  additional  points  should  be 
mentioned  here: 

(1)  these  symptoms  are  observed  mainly  in  ap¬ 
plicators  of  cypermethrin,  deltamethrin,  or 
fenvalerate,  all  so-called  cyano-pyrethroids, 
used  for  agricultural  purposes.  Non-cyano 
pyrethroids  used  for  household  insect  con¬ 
trol  such  as  allethrin,  tetramethrin  and 
phenothrin  have  no  such  episodes  of  intoxi¬ 
cation  probably  due  in  part  to  low  exposure 
in  humans; 

(2)  skin  paresthesia  or  facial  sensation  de¬ 
veloped  in  humans  will  be  dealt  with  in 
detail  later. 

The  pyrethroid  has  been  demonstrated  up  to 
now  not  to  act  on  any  known  enzymes.  Ex¬ 
perimentally,  the  principal  action  of  pyrethroids 
in  nervous  systems  is  to  induce  pronounced 
repetitive  activity.  The  intensity  of  repetitive 
discharge  due  to  depolarizing  after  potential 
varies  greatly  with  pyrethroid  structure;  general¬ 
ly,  the  cyano-pyrethroids  cause  long-lasting  trains 

(3) .  In  addition,  the  cyano-pyrethroids  develop 
continued  depolarization  of  resting  membrane, 
which  leads  to  conduction  block. 

As  is  well  known,  the  basis  for  such  disturb¬ 
ance  of  nerve  impulse  by  pyrethroids  lies  in  their 
action  onto  the  voltage-dependent  sodium  chan¬ 
nel  of  excitatory  nerves,  to  alter  permeability  of 
the  sodium  ion.  Actually,  the  pyrethroid  is 
known  to  give  rise  to  prolongation  of  sodium 
current,  as  evidenced  by  so-called  patch  clamp 
method,  where  sodium  current  is  recorded  under 
artificial  depolarization  and  repolarization.  After 
termination  of  depolarization  the  control  sodium 
current  rapidly  declines  to  zero  level  (dashed  line 
in  Fig.  3),  whereas  sodium  tail  current  remains 
after  exposure  to  pyrethroids  [4].  This  so-called 
tail  sodium  current  results  from  slow  closing  of 
the  sodium  channel.  The  altered  sodium  current 
caused  by  Type  II  pyrethroids,  here  cypermet¬ 
hrin,  lasts  longer,  as  compared  with  Type  I 
pyrethroids  such  as  permethrin. 

The  primary  amino  acid  sequence  of  the  a- 


Fig.  3.  Effect  of  pyrethroids  on  sodium  currents  in  myeli¬ 
nated  nerve  fibers  of  Xenopus  laevis. 


subunit  of  the  sodium  channel  has  been  de¬ 
termined  [5]  and  5  distinct  neurotoxin  binding 
sites  are  established.  However,  the  pyrethroid  as 
well  as  dichlorodiphenyltrichloroethane  (DDT) 
is  presumed  not  to  have  affinity  to  any  of  these 
binding  sites  [6],  and  thus  a  6th  binding  site  is 
occasionally  postulated. 

Generally,  depolarization  of  nerve  membrane 
by  Type  I  and  Type  II  pyrethroids  leads  to 
release  of  transmitters  such  as  acetylcholine, 
dopamine,  norepinephrine  and  glutamic  acid  [7- 
9],  In  addition,  Type  II  pyrethroids  reportedly 
bind  to  the  gamma-aminobutyric  acid  (GABA) 
receptor  [10],  or  inhibit  action  of  calcineurin  [11]. 
These  respectively  would  result  in  transmitter 
release  as  well,  and  thereby  develop  a  variety  of 
toxic  symptoms.  Free  cyanide  does  not  appear  to 
be  involved  in  the  toxicity  manifestation  [12]. 
Thus  overall  successive  underlying  events  are 
apparently  more  complicated  in  Type  II  pyret¬ 
hroids  than  in  Type  I  compounds,  as  shown  in 
Fig.  4,  although  no  detailed  molecular  mecha¬ 
nisms  are  yet  to  be  revealed. 

As  antidotal  agents  against  intoxication  by 
pyrethroids,  skeletal  muscle  relaxants  such  as 
mephenesin  and  methocarbamol  prove  effective 
[13,14].  Atropine  efficaciously  suppresses  saliva¬ 
tion  by  Type  II  pyrethroids  without,  however, 
any  effects  on  survival  of  intoxicated  animals 
[15].  Anticonvulsants  like  barbiturates  and 
diazepam  are  not  so  effective  [16,17]. 

With  a  wide  spread  usage  of  pyrethroids, 
typically  photostable,  cyano-containing  com- 
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a)  Not  firmly  demonstrated  Type  I  Typo  if 

b)  DA  :  Dopamine,  NE  :  Norepinephrine 


Fig.  4.  Hypothetical  sequence  of  pyrethroid-incluced  poison¬ 
ing  symptoms. 


pounds,  workers  exposed  to  them  have  ex¬ 
perienced  so-called  skin  paresthesia  or  facial 
sensation  which  is  characterized  by  transient 
burning /tingling /itching  sensation  of  the  ex¬ 
posed  skin.  An  experimental  model  for  the 
symptoms  has  been  established,  where  rabbits 
are  treated  with  pyrethroids  on  the  back,  and 
frequency  of  licking /biting  of  application  site  is 
grossly  observed  (Suzuki  et  ah,  unpublished). 

The  intensity  of  skin  paresthesia  by  a  number 
of  pyrethroids  has  been  tested  by  using  the 
animal  model,  and  the  results  are  summarized  in 
Fig.  5.  Consistent  with  human  observations,  the 
cyano-containing  pyrethroids  develop  severe 
symptoms  of  skin  paresthesia.  Other  non-cyano 
compounds  beginning  with  permethrin,  and  natu¬ 
ral  pyrethrins,  also  possess  such  an  activity, 


5)PERMETHRIN,  6JALLETHRIN,  7)PYRETHRINS,  8)RESMETHRIN,  9)PHENOTHRIN 

Fig.  5.  Skin  paresthesia  by  pyrethroids  in  rabbits  and  thera¬ 
peutic  effects  of  vitamin  E. 


although  quite  weak,  which,  usually  not  widely 
recognized,  has  been  occasionally  reported  for 
certain  human  populations  in  the  past.  Several 
materials  including  vitamin  E  are  found  to  effec¬ 
tively  mitigate  the  characteristic  response  of 
rabbits,  as  seen  on  the  left  hand  side  of  Fig.  5, 
which  is  actually  comparable  to  the  negative 
control.  The  findings  again  agree  with  human 
observations. 

Thus,  overall,  the  characteristics  of  skin  pares¬ 
thesia  are  summarized  here:  cyano-pyrethroid 
»  non-cyano  pyrethroid;  transient  burning/tin¬ 
gling/itching  sensation  of  skin;  limited  in  ex¬ 
posed  area;  from  0.5-1  h  to  several  hours  after 
exposure;  light,  heating,  wind  -  aggravation 
factor;  no  inflammatory  reaction  (no  erythema, 
no  edema);  no  functional  or  histopathological 
changes;  protective  clothing  -  effective;  effective 
preventive  agents  -  vitamin  E,  mineral  oil,  cream 
containing  vitamins  A  and  D,  benzocaine. 

The  skin  paresthesia  is  thus  different  from 
usual  skin  irritation  or  skin  sensitization.  Not 
only  vitamin  E,  but  also  mineral  oil,  facial  cream 
preparation  containing  vitamin  A  and  D,  and 
benzocaine  are  effective  in  preventing  onset  of 
the  symptoms,  whereas  diphenhydramine,  in- 
domethacin  or  zinc  oxide  paste  are  without  any 
mitigating  effects. 

The  skin  paresthesia  is  in  a  sense  a  unique 
toxic  symptom,  and  at  present  no  detailed  molec¬ 
ular  mechanism  has  been  proposed,  although 
repetitive  firing  in  peripheral  skin  nerves  due  to 
pyrethroids  has  been  postulated.  Likewise  no 
plausible  mechanism  of  action  of  preventive 
agents  has  been  proposed.  In  this  regard, 
Narahashi  has  indicated  that  vitamin  E  or  a- 
tocopherol  possesses  suppressing  effect  of  tetra- 
methrin-induced  sodium  current  changes  in  rat 
cerebellar  Purkinje  cells,  suggesting  the  action  of 
a-tocopherol  at  sodium  channel  (Narahashi,  un¬ 
published).  This  finding  may  throw  insight  into 
the  molecular  mechanism  of  skin  paresthesia 
observed  particularly  with  cyano-containing 
pyrethroids. 

Although  no  particular  mention  is  made  of 
other  features  of  pyrethroid  toxicity,  including 
tumorigenicity,  mutagenicity,  teratogenicity  and 
developmental  toxicity,  no  significant  findings 
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exist  that  may  affect  risk  assessment  to  human 
health,  so  far  as  available  information  in  open 
literature  is  concerned.  With  regards  to  metabolic 
degradation  in  mammals,  to  be  closely  related 
with  the  risk  assessment  the  general  tendency  is 
that  pyrethroids  are  eliminated  from  the  animal 
body  quite  rapidly  and  substantially  completely, 
as  shown  on  the  left  side  of  Fig.  6  [18].  As  shown 
on  the  right  side,  pyrethroids  undergo  extensive 
metabolism  by  means  of  oxidation  and  hydrol¬ 
ysis,  followed  by  several  conjugation  reactions 
[12,19-21].  Depending  on  chemical  structure  the 
respective  pyrethroids  preferentially  undergo 
oxidation  and  hydrolysis  [20].  The  pyrethroid 
esterase(s)  in  the  mammalian  liver  that  are 
localized  mainly  in  the  endoplasmic  reticulum 
are  apparently  identical  with  esterases  acting  on 
malathion  and  p-nitrophenyl  acetate  [11]. 

Tissue  residues  of  pyrethroids  are  generally 
quite  low  [18],  and  although  the  parent  pyret¬ 
hroids  tend  to  be  very  lipophilic,  sometimes 
similar  to  DDT,  no  bioaccumulation  is  observed 
after  subacute  dosing  to  mammals  (Kaneko  et 
al.,  unpublished).  As  seen  on  the  right  hand  side 
of  Fig.  7,  the  radiocarbons  derived  from  fenvaler- 
ate  disappear  quite  rapidly  from  organs  and 
tissues,  as  compared  with  DDT.  The  high  C 
content  in  fenvalerate-treated  rat  ovary  is  actual¬ 
ly  due  to  lipophilic  acid  metabolite  to  be  men¬ 
tioned  below.  The  ,4C  in  fenvalerate-treated 
animals  is  mainly  the  parent  compound,  while 
DDT  is  the  sum  of  DDT,  DDE  and  dich- 
lorodiphenyldichloroethane  (DDD).  To  the 
knowledge  of  present  authors,  these  general 


1 )  Excretion 
^Very  rapid 

e.g.)  Prallethrin  (1R  trans,  S) 
rats  (£)  po  2.0mg/kg 


2)  Biotransformation 
^Extensive 

Hydrolysis  by  microsomal  esterases 
Oxidation  by  P450’s 
Conjugation  with  sulfate,  glucuronic 
acid  and  glycine 


'  .0.  ' 


N  'coi°'X)r  X). 

d-phenothrin 


Fenvalerate 


Fig.  6.  General  features  of  pyrethroid  metabolism-1. 


3)  Tissue  residue 
+Very  low 

e.g.)  Prallethrin  (1R  trans,  S),  Rats 
(^)  po  2.0mg/kg,  after  7days 


Tissues 

fiq  equiv./ 
g  tissue*’ 

Blood 

0.017 

Kidney 

0.041 

Skin 

0.015 

Liver 

0.012 

Fat,  Heart,  Lung, 
Muscle,  Spleen 

<0.005 

Brain 

<0.001 

4)  Bioaccumulation 
^ Least  accumulative 
e.g.)  Fenvalerate,  Rats  (£) 

25ppm  chlorophenyl- uC-lenvalerate  (Fen), 
25ppm  ring-,4C-DDT 


(*) :  Fenvalerate-,4C  content  : 

Liver,  Ovary*2)>Skin,  Kidney,  Blood >Lung,  Sp!een>Muscle>Brain 

*1)  ND<0.09ppm,  *2)  Lipophilic  metabolites 


Fig.  7.  General  features  of  pyrethroid  metabolism-2. 


features  of  metabolism  can  be  applied  to  most  of 
the  pyrethroids  tested  so  far. 

To  have  understanding  of  metabolic  activity  in 
humans,  several  human  cytochrome  P450  (P450) 
genes  have  been  expressed  in  yeast  through 
conventional  gene  engineering  techniques  [22], 
and  the  respective  P450  isozymes  are  tested  in 
vitro  with  regard  to  their  preferential  activity 
onto  pyrethroids.  The  preliminary  results  are 
shown  in  Fig.  8  (Kaneko  et  al.,  unpublished).  It 
appears  that  a  limited  member  of  P450s  are 
responsible  for  oxidation  of  specific  sites  in  the 
pyrethroid  molecule.  This  information  should  be 
compared  with  the  activity  of  resolved  P450 
enzymes  in  rats  and  other  mammals,  to  gain  a 


CYP  examined  :  1A1, 1A2,  2A6,  2B6,  2C8,  2C9, 
2C18,  2C19,  2D6,  2E1,3A4 


1A2,  2C18,  2C19,  2D6 


a)  CLONTECH  human  gene  library 

b)  Substrate  concentration  :  0.2  mft/l, 

CYP  content :  30  pmol,  37°C ,  30  min 

Fig.  8.  Metabolism  of  pyrethroids  by  human  P450  expressed 
in  yeast. 


938 


J.  Miyamoto  et  al.  I  Toxicology  Letters  82183  (1995)  933-940 


better  understanding  of  overall  views  of  xeno- 
biotic  metabolism  in  animals  and  man. 

In  order  to  correlate  age-dependent,  differen¬ 
tial  toxicity  of  pyrethroids  with  metabolic  capa¬ 
bility  of  baby  animals,  ester  hydrolysis  as  well  as 
P450-mediated  oxidation  of  pyrethroids  is  tested 
in  vitro  with  liver  microsomes  from  new-born 
rats  (Kaneko  et  al.,  unpublished).  As  shown  in 
Fig.  9,  the  activity  of  both  enzymes  is  significantly 
low  just  after  birth,  namely  10%  for  esterase  and 
40%  for  mfo  (mixed  function  oxygenase)  3  days 
after  birth,  as  compared  with  the  activities  in 
8-week-old  animals  more  or  less  conventionally 
used  for  routine  metabolic  studies.  It  appears 
that  this  lower  degradation  activity  in  new-borns 
is  at  least  one  factor  in  higher  susceptibility  to 
pyrethroid  toxicity. 

One  specific  example  where  metabolism  is 
closely  associated  with  manifestation  of  pyret¬ 
hroid  toxicity  can  been  seen  in  fenvalerate-in- 
duced  granulomatous  changes  in  animals.  When 
fenvalerate  is  administered  subacutely  to  mam¬ 
mals,  histopathological  changes  develop  in  cer¬ 
tain  organs  and  tissues,  including  liver,  spleen 
and  lymph  nodes,  diagnosed  to  be  granulomat¬ 
ous  changes  resulting  from  aggregation  of  macro¬ 
phages  and  multi-nucleated  giant  cell  infiltration 
[23].  Among  4  chiral  isomers,  only  so-called  Ba 


Ester  Hydrolysis  CYP  Oxidation 


a)  Incubation  conditions 
10%  Microsome,  substrate  :  0.25m M 
Incubation  time:  10  min,  37°C 


Fig.  9.  Age-dependent  metabolism  of  pyrethroids  in  vitro  by 
rat  liver  microsomes. 


isomer,  more  exactly  [2/?,aS]  isomer  (Fig.  10) 
has  been  demonstrated  to  develop  the  tissue 
changes  [23]. 

In  search  of  the  mechanism  of  granuloma 
formation  by  fenvalerate  Ba,  extensive  bio¬ 
chemical  and  toxicological  studies  have  been 
conducted  [24].  As  shown  in  Fig.  10,  only  fenval¬ 
erate  Ba  produced  the  specific  metabolite  in 
mammals,  which  is  identified  to  be  2R-CPIA- 
cholesterol  ester.  This  novel  cholesterol  ester  is 
formed  by  cholesterolysis  of  fenvalerate  Ba  ester 
bond  by  a  microsomal  esterase  activity,  and  this 
cholesterol  ester  proves  to  be  the  causative  agent 
of  granulomatous  changes.  The  enzyme  respon¬ 
sible  for  this  novel  reaction  appears  to  be  a 
microsomal  esterase,  with  microsomal  choles¬ 
terol  as  acceptor  of  intermediary  acyl  moiety  of 
fenvalerate  Ba.  Roughly,  in  parallel  with  CPIA- 
cholesterol  formation,  mammals  develop 
granulomatous  changes. 

Based  on  all  the  available  information  pre¬ 
sented  here,  fairly  extensive  toxicology  studies 
have  been  conducted  with  pyrethroids,  and 
sound  scientific  bases  exist  for  the  risk  assess¬ 
ment  under  present  usage  conditions.  However,  a 
couple  of  points  should  be  referred  to  for  future 
research  needs  of  pyrethroid  toxicology  and 
better  risk  assessment: 

(1)  determination  of  exact  molecular  targets  on 
sodium  channel; 


Fenvalerate  Ba  2fl-CPIA-cholesteroi  ester 


(CPIA-carboxyesterase-complex) 


Fenvalerate  A  a- ,  A/?,  B  0 


C 


COOH 

2R-CPIA 

CPIA 

CPIA-cholesterol  ester 


Mouse 

Rat 

Dog 

Monkey 

2f?-CPIA-cholesterol  ester 

-HP 

-fP 

+ 

+ 

Granulomatous  change 

-HP 

HP- 

+ 

Fig.  10.  CPIA-cholesterol  ester  as  causative  agent  of 
granulomatous  change. 
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(2)  elucidation  of  role  of  pyrethroid-dependent 
alteration  in  nerve  transmission,  including  (i) 
molecular  basis  of  Type  I  and  Type  II 
symptoms  and  (ii)  exact  mechanism  of  skin 
paresthesia; 

(3)  elucidation  of  species-  and  age-dependent 
features  of  toxicity  and  metabolism; 

(4)  as  usual  the  minute  modification  of  chemical 
structure  of  respective  pyrethroid  com¬ 
pounds  including  geometry  and  chirality 
sometimes  profoundly  affects  toxicity  and 
metabolic  profiles.  Therefore,  similarity  and 
difference  among  a  variety  of  pyrethroid 
compounds  should  be  pursued  further  so  as 
to  integrate  structure-activity  relationship  in 
toxicity  and  metabolism  before  it  can  be 
stated  as  a  general  term  that  the  pyrethroid 
possesses  such  and  such  features. 

Thus,  these  researches,  when  accomplished, 
will  certainly  contribute  to  refining  hazard  identi¬ 
fication,  dose-response  extrapolation  and  expo¬ 
sure  analysis,  and  thereby  contribute  to  facilitat¬ 
ing  rational  approach  to  risk  characterization. 
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Ferritin  as  a  source  of  iron  and  protection  from  iron-induced 

toxicities 
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Abstract 

The  iron  storage  protein  ferritin  can  contribute  to  or  protect  against  toxicities  which  involve  iron.  Iron  can 
catalyze  the  oxidation  of  lipid,  protein,  DNA  and  various  biomolecules  that  can  reduce  iron.  Iron  can  be  reduced 
and  released  from  ferritin  by  the  free  radical  form  of  various  toxins  or  superoxide  resulting  from  oxygen  reduction 
by  chemicals  which  redox  cycle.  Iron  can  also  increase  ferritin  synthesis  by  an  iron-binding  protein  which  releases 
from  an  iron-responsive  element  in  mRNA  for  ferritin.  This  increase  in  ferritin  synthesis  provides  a  non-reactive 
storage  site  for  iron.  The  mechanism  by  which  iron  is  placed  into  ferritin  is  unknown.  We  propose  that  it  is  catalyzed 
by  ceruloplasmin,  the  copper-containing  ferroxidase  that  loads  iron  into  transferrin.  We  believe  that  the  ferroxidase 
activity  thought  to  reside  in  the  heavy  chain  of  ferritin,  is  an  artifact  resulting  from  ferrous  iron  automation.  We 
load  iron  into  ferritin  with  ceruloplasmin  so  ferritin  plus  ceruloplasmin  is  an  effective  ‘antioxidant . 

Keywords:  Iron;  Ferritin;  Ceruloplasmin;  Oxidative  stress;  Lipid  peroxidation 


Ferritin  is  a  widely  distributed  iron-storage 
protein  thought  to  be  very  important  to  provide 
protection  against  the  catalysis  of  deleterious 
oxidation  of  biomolecules  by  iron  [1].  Ferritin 
can  store  up  to  about  2500  atoms  of  iron  in  a 
ferric  oxyhydroxide  core  surrounded  by  phos¬ 
phate  [2].  The  core  is  surrounded  by  24  subunits 
of  heavy  and  light  chain  proteins  [1].  Ferritin 
may  also  serve  as  a  source  of  iron  for  the 
synthesis  of  iron-containing  enzymes  when  iron 
absorption  is  insufficient  [3]. 

Most  investigators  believe  that  ferritin  has  its 
own  ferroxidase  activity  such  that  its  incubation 
with  ferrous  iron  results  in  incorporation  of  the 
iron  into  the  ferric  iron  core  [4].  We  do  not 
subscribe  to  this  mechanism  as  the  ferroxidase 


activity  of  ferritin  is  dependent  upon  the  use  of  a 
buffer  which  promotes  the  autoxidation  of  iron 
and  the  iron  association  with  the  ferritin  is  in  a 
form  that  is  not  as  stable  as  is  the  iron  in  isolated 
ferritin  [5].  In  addition,  the  loading  of  ferrous 
iron  into  ferritin  using  its  ‘ferroxidase’  activity 
results  in  the  oxidation  of  the  protein  [5]. 

We  use  the  ferroxidase  activity  of  ceruloplas¬ 
min  to  load  iron  into  ferritin  [5,6].  Ferritin 
loaded  with  ceruloplasmin  behaves  very  similarly 
to  ferritin  isolated  from  tissues,  both  with  respect 
to  the  maximum  amount  of  iron  that  can  be 
loaded  or  found  in  ferritin  and  the  properties  of 
the  iron  incorporated  into  or  in  native,  isolated 
ferritin  [5].  Ceruloplasmin  is  generally  consid¬ 
ered  a  serum  protein  but  we  [7]  and  others  [8] 
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have  shown  that  the  mRNA  for  ceruloplasmin 
indeed  does  exist  in  cells.  However,  there  is  no 
hard  evidence  that  tissue  ceruloplasmin  is  the 
enzyme  responsible  for  loading  iron  into  ferritin 
in  tissues.  We  can  only  gather  evidence  to  sup¬ 
port  the  hypothesis.  We  have  shown  that  the  iron 
in  ferritin  loaded  by  ceruloplasmin  behaves  simi¬ 
larly  to  iron  in  ferritin  isolated  from  tissues,  that 
the  rate  of  iron  loading  into  ferritin  is  maximum 
at  a  1:1  molar  ratio  of  ceruloplasmin  to  ferritin, 
that  ceruloplasmin  forms  a  complex  with  ferritin, 
and  that  the  maximum  amount  of  iron  loaded 
into  ferritin  (-2500  atoms)  is  the  same  as  the 
total  amount  of  iron  that  can  be  found  in  ferritin 
in  vivo. 

The  proposal  that  ceruloplasmin  may  be  the 
ferroxidase  that  loads  iron  into  ferritin  is  also 
attractive  by  the  fact  that  the  oxidation  of  iron  by 
ceruloplasmin  results  in  the  reduction  of  molecu¬ 
lar  oxygen  completely  to  water  without  the 
release  of  partially  reduced  species  of  oxygen  [9]. 

The  oxidation  of  DNA,  protein  and  lipid  can 
be  promoted  by  the  hydroxyl  radical  generated 
by  Fenton  reagent  (H202  and  ferrous  iron),  or 
by  as  yet  undescribed  mechanisms  [10,11].  The 
latter  is  probably  best  exemplified  by  the  oxida¬ 
tion  (termed  peroxidation)  of  lipid  (polyunsatu¬ 
rated  fatty  acids)  where  one  proposal  is  that  the 
hydroxyl  radical  is  involved,  whereas  others 
believe  that  a  1:1  ratio  of  ferrous  to  ferric  iron 
causes  lipid  peroxidation  [10,11].  Superoxide, 
resulting  from  toxins  that  can  redox  cycle,  such 
as  by  paraquat  [12,13],  adriamycin  [14],  etc.,  can 
promote  lipid  peroxidation  by  a  superoxide- 
driven  Haber  Weiss  sequence  of  reactions  where 
the  superoxide  serves  as  a  source  of  reducing 
equivalents  to  reduce  iron  and  dismutating  to 
provide  H202  for  Fenton  reaction. 

Ferritin  may  be  of  interest  in  toxicides  or 
pathologies  involving  iron  for  2  reasons  and  with 
2  °PPosite  roles.  Ferritin  could  provide  a  source 
of  iron  or  it  could  be  protective,  by  sequestering 
the  iron  in  a  non-reactive  state.  We  showed  that 
lipid  peroxidation  can  occur  during  oxidation  of 
ferrous  iron  by  ceruloplasmin  [15].  The  addition 
of  ferritin  inhibited  this  lipid  peroxidation,  pre¬ 
sumably  by  providing  a  ‘safe’  place  for  sequestra¬ 
tion  of  the  ferric  iron. 


Superoxide  resulting  from  redox  cycling  toxins 
and  the  free  radical  form  of  many  toxins  are  able 
to  reduce  iron  in  ferritin  [16-18].  Organic  radi¬ 
cals  are  much  more  efficient  than  superoxide  in 
reducing  iron  in  ferritin  [18],  however  they  also 
react  very  rapidly  with  molecular  oxygen  to 
produce  superoxide,  perhaps  somewhat  limiting 
the  rate  of  release  of  iron  from  ferritin  during 
redox  cycling. 

Iron  can  also  directly  oxidize  some  biomole¬ 
cules,  such  as  some  sulfhydryl  compounds, 
biogenic  amines  and  ascorbic  acid.  (The  reac¬ 
tions  can  be  stated  the  other  way,  that  these 
biomolecules  are  good  iron  reductants.)  Some¬ 
times  these  chemicals  are  therefore  said  to  autox- 
idize  to  form  oxygen  radicals  which  can  contrib¬ 
ute  to  toxicities.  This  subject  will  be  addressed  in 
more  detail  below.  In  the  extreme,  one  of  these 
chemicals,  ascorbic  acid,  is  often  used  to  promote 
oxidations.  Ascorbic  acid  and  iron  are  often  used 
for  a  model  lipid  peroxidation  system  [19].  The 
ratio  of  ascorbic  acid  to  iron  is  important,  as  is 
the  chelator  used  for  the  iron  if  it  is  something 
other  than  the  ascorbic  acid  [20].  Ascorbic  acid 
will  promote  lipid  peroxidation  when  the  con¬ 
centration  is  insufficient  to  keep  all  of  the  iron 
reduced.  The  antioxidant  activity  of  ascorbic  acid 
can  be  observed  when  the  ratio  of  ascorbic  acid 
to  iron  is  sufficient  to  keep  all  of  the  iron 
reduced  because  it  eliminates  the  required  ferric 
iron.  This  is  undoubtedly  related  to  the  physio¬ 
logical  situation.  Sufficient  ascorbic  acid  is  in 
some  tissues  to  keep  the  small  amount  of  avail¬ 
able  iron  all  reduced,  presumably  until  it  can  be 
placed  into  ferritin.  Ascorbic  acid  obviously  does 
not  usually  promote  lipid  peroxidation  in  vivo. 
However,  it  may  in  cases  of  tissue  injury  where 
the  concentration  of  iron  becomes  too  high  to  be 
completely  reduced  by  the  ascorbic  acid.  It  is 
also  unreasonable  to  propose  that  ascorbic  acid, 
or  similar  biomolecules,  can  release  iron  from 
ferritin.  Such  would  be  extremely  deleterious. 
Ascorbic  acid  reduces  contaminating  iron,  which 
can  autoxidize  to  produce  superoxide.  Thus, 
ascorbic  acid  will  release  iron  from  ferritin  by 
reduction  of  the  iron,  using  superoxide,  when 
contaminating  iron  gets  reduced  by  ascorbic  acid 
to  start  this  obviously  non-physiological  system. 
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This  presumably  does  not  occur  in  the  physiolog¬ 
ical  situation  or  ascorbic  acid  would  be  toxic. 
This  could,  however,  be  the  case  in  trauma  or 
other  cases  of  tissue  injury. 

A  host  of  other  biomolecules  and  other  chemi¬ 
cals  have  been  reported  to  be  toxic  by  a  pro¬ 
oxidant  effect,  usually  proposed  to  involve  oxy¬ 
gen  radicals.  These  include  a  variety  of  thiols 
[21],  biogenic  amine,  etc.  However,  such  is  prob¬ 
ably  not  the  case  except  in  certain  pathological 
situations  or  with  model  in  vitro  systems.  For 
examples,  various  biogenic  amines,  thiols  and 
other  iron  reductants  have  been  used  in  in  vitro 
toxicity  studies,  frequently  involving  cells  in 
culture.  Unfortunately  the  actual  active  chemical 
is  probably  a  transition  metal  but  they  are 
frequently  not  studied  or  even  mentioned  in 
these  in  vitro  studies.  Only  in  a  few  cases  have 
investigators  shown  that  desferrioxamine,  an 
effective  stable  iron  chelator,  will  block  the 
deleterious  effect  of  the  chemicals  being  studied. 

Frequently  these  difficulties  arise  as  a  result  of 
the  fact  that  many  of  these  chemicals  are  also 
excellent  iron  chelators.  The  commercial  prepa¬ 
rations  of  many  biomolecules  are  contaminated 
with  iron.  In  other  cases,  the  iron  is  a  con¬ 
taminant  in  water  or  buffers.  Sometimes  consid¬ 
erable  effort  must  be  taken  to  remove  this  iron. 
For  example,  it  is  necessary  to  incubate  epineph¬ 
rine  with  desferrioxamine  for  72  h  in  order  to 
eliminate  the  iron-catalyzed  ‘autoxidation’  of 
epinephrine  [22]. 

Iron  does  seem  to  be  involved  in  various 
toxicities  [23].  In  these  cases  iron  must  be  re¬ 
leased  from  ferritin,  iron-sulfur  proteins  or  heme 
proteins.  We  know  that  iron  can  be  released  from 
ferritin  by  certain  redox  active  toxins  [18]  and  by 
superoxide  [24].  The  possibility  that  ferritin  may 
serve  as  a  source  of  iron  in  various  toxicities  has 
been  reviewed  by  Reif  [25].  Upon  release  from 
ferritin,  the  iron  would  be  in  the  reduced  form. 
Thus  it  is  necessary  to  consider  the  oxidation  of 
this  iron  if  it  were  to  be  involved  in  toxicity. 
Then  the  rate  of  subsequent  reduction  must  be 
considered.  Toxicity  might  be  limited  if  reduction 
does  not  occur  or,  conversely,  if  it  does  occur, 
the  rate  must  be  sufficient  enough  to  keep  all  of 
the  iron  reduced.  The  biological  reductant  for 


this  role  has  not  been  identified  and  neither  has 
the  iron  chelator.  Some  chelators  which  have 
been  proposed,  such  as  ADP,  citrate,  etc.,  do  not 
seem  logical,  for  iron  chelated  with  these  chemi¬ 
cals  redox-cycle  rather  rapidly  and  would  there¬ 
fore  probably  be  toxic.  They  might  therefore  be 
involved  in  certain  pathologies  or  toxicities  but  it 
is  very  unlikely  that  they  would  chelate  iron  in 
the  normal  situation.  Likewise,  it  is  difficult  to 
identify  the  physiological  reductant.  It  may  be 
ascorbic  acid,  however,  this  seems  unlikely  as 
ascorbic  acid  is  not  a  very  strong  iron  chelator. 
And  it  is  not  glutathione.  Glutathione  is  a  very 
poor  iron  reductant  [21]  probably  because  it  is 
not  an  iron  chelator.  And  it  is  highly  unlikely 
that  other  thiols,  such  as  dihydrolipoic  acid,  are 
physiological  iron  reductants  or  antioxidants  as 
they  do  not  exist  in  the  free  form  at  very  high 
levels.  High  levels  would  be  required  for 
dihydrolipoic  acid  to  be  an  antioxidant  as  it  is  not 
a  good  reductant  of  iron. 

It  is  thus  apparent  that  many  reactions  and 
other  factors  must  be  considered  when  apprais¬ 
ing  the  role  of  iron  in  catalyzing  the  oxidation  of 
biomolecules.  The  2  basic  reactions  are  iron 
reduction  and  oxidation  but  both  may  occur  with 
various  reductants  and  various  oxidants,  some  of 
which  have  more  potential  toxicological  rele¬ 
vance  than  others  but  in  all  cases  the  reaction 
rates  are  dependent  upon  the  iron  chelators.  The 
first  reaction  to  study  is  the  reduction  of  iron  by 
physiologically  relevant  reductants  (i.e.,  gluta¬ 
thione  or  ascorbic  acid).  The  second  reaction  is 
iron  oxidation,  probably  most  importantly  by 
molecular  oxygen  but  also  by  H202  (the  con¬ 
centration  of  molecular  oxygen,  limited  due  to  its 
relatively  low  solubility,  is  low,  —240  juM,  but 
much  higher  than  the  concentration  of  H202, 
which  is  kept  even  lower  by  catalase  and  gluta¬ 
thione  peroxidase).  However,  these  reactions  are 
also  highly  influenced  by  the  iron  chelator. 

The  final  reaction  to  study  is  the  oxidation  of 
the  biomolecule  of  interest.  We  generally  think  of 
the  oxidation  of  lipid,  protein  or  DNA.  However, 
one  could  also  consider  the  oxidation  of  the  iron 
reductant,  such  as  glutathione  or  ascorbic  acid 
but  including  biogenic  amines.  The  ligands  of 
iron  can  be  considered  in  a  number  of  ways,  such 
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as  with  strong  chelators,  physiologically  or  toxi- 
cologically  relevant  chelator  (the  nature  of  which 
are  both  unknown),  or  simply  by  the  buffer  used 
in  in  vitro  studies.  The  most  logical  chelator  in 
many  studies  where  strong  chelators  are  not  used 
is  simply  the  buffer.  Many  buffers  (i.e.,  phos¬ 
phate  or  HEPES)  are  excellent  iron  chelators. 
The  reduction  and  oxidation  of  iron  can  be 
studied  quite  easily  by  using  different  reductants 
and  oxidants  in  various  buffers.  Then  the  conse¬ 
quences  of  these  reactions  can  be  assessed  by 
assay  for  the  oxidation  of  a  biomolecule. 
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Abstract 

In  Ah-responsive  C57BL/10ScSn  mice  a  single  dose  of  iron  significantly  potentiated  the  property  of  the 
polychlorinated  biphenyl  (PCB)  mixture  Aroclor  1254  to  induce  porphyria  by  inhibition  at  the  uroporphyrinogen 
decarboxylase  stage  of  hepatic  haem  biosynthesis.  The  induction  of  liver  tumors  and  other  lesions  were  also 
enhanced  markedly  by  iron  overload  suggesting  a  link  between  porphyria  and  cancer.  The  cellular,  molecular  and 
biochemical  processes  involved  have  been  investigated  in  attempts  to  explain  these  phenomena  by  an  iron-catalysed 
‘oxidative  stress’  mechanism. 

Keywords:  Iron;  PCBs;  Hepatic  porphyria;  Liver  cancer 


1.  Introduction 

Iron  catalyses  many  fundamental  reactions 
between  oxygen  and  biomolecules  due  to  its 
ability  to  switch  between  2  stable  oxidation 
states.  For  normal  cell  function  the  participation 
of  iron  is  tightly  controlled  as  a  ligand  of 
haemoproteins,  iron  sulphur  proteins  or  proteins 
such  as  ribonucleotide  reductase  [1].  In  vivo, 
most  of  the  iron  not  in  use  is  stored  as  ferritin.  A 
small  ‘free’  iron  pool  is  thought  to  exist,  although 
this  is  kept  to  a  minimum  due  to  the  danger  of 
unregulated  redox  activity.  Evidence  for  such  an 
iron  pool  has  been  difficult  to  obtain  [2].  Many 
toxic,  carcinogenic  and  pathological  processes 
are  now  believed  to  be  due,  in  part,  to  ‘oxidative 
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stress’  occurring  through  the  generation  of  re¬ 
active  oxygen  species  (ROS)  such  as  02  . 

However,  often  the  reactions  of  these  species 
with  lipids,  proteins  and  DNA,  probably  only 
occur  slowly  without  catalysis  by  the  ‘free’  iron 
pool  or  that  released  from  storage  or  transport 
proteins  [3].  Redox  cycling  chemicals  such  as 
paraquat,  diquat,  and  adriamycin  release  iron 
from  ferritin  in  vitro,  promoting  lipid  peroxida¬ 
tion  and  their  effects  can  be  protected  against  by 
iron  chelators  [2].  Much  in  vitro  evidence  impli¬ 
cates  iron  in  the  carcinogenic  action  of  some 
asbestos-type  fibres  [4].  Considerably  less  is 
known  about  iron  metabolism  affecting  potential 
toxic  processes  in  vivo.  In  rodents,  the  develop¬ 
ment  of  chemical-induced  colorectal  and  mam¬ 
mary  cancer  are  adversely  influenced  by  in¬ 
creased  iron  levels  [5,6].  Ferric  ethylenediamine- 
N,N' -diacetate  and  related  chelates  cause  kidney 
tumors  in  rats  and  mice  [7].  In  humans,  quite  a 
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lot  of  evidence  links  directly  iron  status  with  risks 
of  neoplasia  [8]. 

One  of  the  most  interesting  findings  of  the 
influence  of  iron  on  the  toxicity  of  chemicals  is 
the  involvement  of  iron  in  the  induction  of 
porphyria  by  polyhalogenated  aromatic  chemi¬ 
cals  such  as  hexachlorobenzene  (HCB),  poly¬ 
chlorinated  biphenyls  (PCBs)  and  tetrachloro- 
dibenzodioxin  (TCDD)  [9].  The  potentiating 
effect  of  iron  on  HCB-induced  porphyria  in  rats 
was  first  shown  by  Taljaard  et  al.  [10]  and  later 
its  influence  on  TCDD-induced  porphyria  in 
C57BL/6J  mice  was  demonstrated  quite  clearly 
by  Sweeney  et  al.  [11].  Iron  overload  was  also 
shown  to  potentiate  massively  the  induction  of 
porphyria  by  HCB  in  C57BL/10ScSn  mice  [12]. 
Because  there  is  substantial  evidence  linking  iron 
to  the  development  of  porphyria  cutanea  tarda  in 
humans  [13],  these  findings  with  HCB  and 
TCDD  are  well  recognized  in  the  ‘haem’  field 
but  seem  to  have  been  of  less  interest  to  tox¬ 
icologists.  Probably  of  importance  here  is  the 
general  feeling  that  porphyria,  though  of  interest 
to  those  in  the  field,  has  no  wider  connotations 
for  mechanistic  and  risk  toxicology.  A  crucial 
factor  here  would  be  the  demonstration  that  iron 
status  influences  other  aspects  of  the  hepatic 
toxicity  and  also  the  hepatocarcinogenicity  of 
HCB,  PCBs  and  TCDD.  In  fact,  iron  overload 
has  been  shown  to  significantly  enhance  the 
hepatocarcinogenesis  of  HCB  in  female  rats  [14] 
and  particularly  in  male  C57BL/10ScSn  mice 
[15].  We  have  also  demonstrated  that  iron  poten¬ 
tiates  markedly  the  carcinogenicty  of  the  PCB 
mixture  (Aroclor  1254)  in  mice.  Here  we  summa¬ 
rize  these  and  more  recent  findings  on  the 
synergy  between  iron  and  PCBs  and  describe 
experiments  exploring  the  mechanisms  involved. 


2.  Materials  and  methods 

Aroclor  1254  was  a  gift  originally  to  Dr.  J.B. 
Greig  from  Monsanto.  HCB  was  purchased  from 
BDH  Chemicals  Ltd  (Poole,  UK)  and  contained 
no  detectable  dioxins.  All  other  chemicals  were 
from  Sigma-Aldrich  Co.  Ltd  (Poole,  UK). 

Most  mice  were  bred  in  the  MRC  Toxicology 


Unit  but  some  were  purchased  from  Harlan-Olac 
Ltd,  Bicester,  UK. 

Mice  were  treated  with  iron  by  s.c.  injection  of 
iron-dextran  solution  (100  mg /ml  Fe  and  100 
mg /ml  dextran)  at  a  dose  of  600  mg  Fe/kg  or  the 
equivalent  dextran  solution  alone.  After  3  days 
or  1  week  mice  were  administered  RM3  diets 
containing  Aroclor  1254  (0.01%)  and  corn  oil 
(2%).  Mice  were  housed  in  negative  pressure 
isolators  for  protection  of  staff.  Maintenance  of 
mice  and  experimental  procedures  were  carried 
out  in  accordance  with  the  Animals  (Scientific 
Procedures)  Act  1986.  At  the  end  of  experiments 
animals  were  killed  by  cervical  dislocation  or  by 
perfusion  under  terminal  anesthesia  to  obtain 
isolated  hepatocyte  preparations  as  described 
previously  [16].  Ploidy  studies  of  cells  were 
conducted  by  flow  cytometry  in  conjunction  with 
assessment  of  nuclearity  by  histological  tech¬ 
niques  [16]. 

For  biochemical  studies  livers  were  homogen¬ 
ized  in  0.25  M  sucrose  and  nonhaem  iron, 
porphyrins,  and  uroporphyrinogen  decarboxylase 
levels  were  determined  as  reported  before 
[12,14,15]. 

3.  Results  and  discussion 

3.1.  Potentiation  of  both  porphyria  and  liver 
cancer  by  iron  overload 

When  male  C57  Bl/lOScSn  mice  were  injected 
with  iron-dextran  complex  and  then  subsequent¬ 
ly  administered  the  PCB  mixture  Aroclor  1254  at 
0.01%  of  the  diet  for  5  weeks,  the  induction  of 
hepatic  porphyria  was  greatly  exacerbated  com¬ 
pared  with  the  equivalent  group  not  given  iron 

Tabic  1 

Inhibition  of  hepatic  uroporphyrinogen  decarboxylase  (UD) 
and  induction  of  uroporphyria  in  C57BL/10ScSn  mice  ex¬ 
posed  to  iron  and  Aroclor  1254  for  5  weeks 


Diet 

Iron 

UD 

(pmol/min/mg) 

Porphyrins 

(nmol/g) 

Control 

- 

13.7  ±0.6 

0.6  ±0.1 

Control 

+ 

14.3  ±  1.9 

0.6  ±  0.1 

Aroclor 

- 

15.9  ±  1.6 

42  ±21 

Aroclor 

+ 

5.8  ±  1.6* 

630  ±  72* 

'"'Significantly  different  from  other  groups  at  /><0.05. 
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(Table  1).  This  porphyria  was  characterized  by 
inhibition  of  the  haem  biosynthesis  enzyme 
uroporphyrinogen  decarboxylase  in  the  liver  and 
the  accumulation  of  uroporphyrin  I  and  III 
isomers  (Fig.  1).  Thus  as  we  have  previously 
reported  with  the  weaker  agent  HCB  [12],  pre- 
loading  mice  with  iron  significantly  sensitizes 
them  to  the  development  of  uroporphyia  caused 
by  PCBs.  The  exact  mechanisms  causing  the 
depression  of  uroporphyrinogen  decarboxylase 
activity  are  not  known  but  there  is  good  evidence 
that  an  inhibitor  of  the  enzyme  is  formed  per¬ 
haps  via  oxidative  attack  of  uroporphyrinogen 

PI- 

In  other  studies  with  HCB  in  rats  and  mice,  we 
proposed  that  iron  should  potentiate  not  only  the 
porphyrogenic  properties  of  this  chemical  but 
also  its  ability  to  cause  liver  tumors.  This  indeed 
was  shown  to  be  the  case  [14,15].  The  demon¬ 
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stration  that  iron  also  enhances  the  porphyria 
induced  by  PCBs  (at  least  Aroclor  1254)  has  led 
to  the  experiment  to  determine  whether  such 
pretreatment  would  also  potentiate  the  hepato- 
carcinogenicity.  This  experiment  was  highly  suc¬ 
cessful  (Table  2).  Thus  iron  will  interact  syner- 
gistically  with  HCB  and  PCBs  in  C57BL/10ScSn 
mice  to  cause  both  uroporphyria  and  liver  cancer 
[17].  Of  course  it  would  be  of  great  interest  to 
determine  whether  iron  overload  will  act  in  a 
similar  way  to  alter  the  hepatic  carcinogenicty  of 
TCDD.  In  fact,  there  is  preliminary  evidence  that 
this  may  be  true  (A.G.  Smith,  unpublished  data). 
Polycyclic  aromatic  hydrocarbons  such  as  3- 
methylcholanthrene  and  £-naphthoflavone  will 
also  cause  uroporphyria  in  iron-loaded  mice  [18], 
but  interestingly,  after  12  months  of  the  latter  in 
the  diet  at  0.05%  in  combination  with  iron 
overload,  there  was  no  development  of  liver 
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Table  2 

Hepatic  tumor  incidence  m  C57BL/10ScSn  mice  administered  iron  and  Aroclor  1254  for  up  to  12  months 
Diet 


Control 

Control 

Aroclor 

Aroclor 

Control 

Control 

Aroclor 

Aroclor 


Time  (months)  Iron  treatment  Survival  (no. /initial)  No.  with  nodules 


No.  with  carcinomas 


8 

8 

8 

8 

12 

12 

12 

12 


10/10 

10/10 

10/10 

9/10 

15/15 

15/16 

16/17 

18/19 


0 

0 

0 

7 

0 

0 

0 

15 


tumors  (A.G.  Smith,  unpublished  data).  Pheno- 
barbital  (0.5%)  in  conjunction  with  iron  also  had 
no  effect.  It  would  seem  that  although  there  is  a 
link  between  the  potential  of  a  chemical  to  cause 
liver  tumors  in  mice  and  its  iron-enhanced  por- 
phyrogenicity,  there  may  not  be  a  direct  relation¬ 
ship. 

3.2.  Carcinogenesis  in  C57BL/10ScSn  mice 
induced  by  iron- Aroclor 1254  synergy 
In  the  short  term  (2  months),  besides  uropor- 
phyria,  Aroclor  1254  and  iron  had  a  synergistic 
influence  on  liver  weight  in  C57BL/10ScSn  mice 
that  was  not  observed  with  the  DBA/2  strain 
which  is  resistant  to  both  porphyria  and  tumor 
formation  (Table  3).  Centrilobular  hepatocytes 
had  enlarged  nuclei  and  cytoplasmic  vacuolation. 
There  was  also  a  synergistic  increase  in  mitotic 
rate  in  the  Ah-responsive  C57BL/10SCSn  strain 
not  observed  in  the  Ah-nonresponsive  DBA/2 
mice  (Table  3).  From  4  months  onwards  iron 
significantly  potentiated  oval  cell  and  bile  duct 
proliferation  and  cholangiofibrosis  in  C57BL/ 


lOScSn  mice  administered  Aroclor  1254.  Baso¬ 
philic  nodules  which  emerged  were  more  com¬ 
monly  associated  with  carcinoma  formation  than 
clear  cell  nodules. 

Foci,  nodules  and  carcinomas  from  iron/Aro- 
clor  mice  were  examined  for  the  presence  of 
mutations  in  the  Ha-ras  proto-oncogene  at  codon 
61  using  polymerase  chain  reaction  (PCR)  to 
amplify  DNA  from  formalin  fixed  sections,  fol¬ 
lowed  by  oligonucleotide  hybridization.  No  mu¬ 
tations  (0/28)  were  observed  and  only  2/23  for 
similar  examinations  of  iron/HCB-induced 
tumors  [19].  Examinations  of  transplantable 
tumor  lines  produced  from  either  HCB-  or 
Aroclor-induced  tumors  also  showed  no  lAa-ras 
mutations  at  codon  61  or  p53  mutations  in  exons 
5,  7,  and  8  by  PCR-single-strand  conformation 
polymorphism  analysis  (A.G.  Smith  and  F.  Gray, 
unpublished  data).  In  many  hepatocarcinogenic 
regimes  in  rodents,  a  characteristic  mononu- 
cleated  diploid  population  arises.  Using  flow 
cytometry,  it  was  demonstrated  that  the  synergis¬ 
tic  interaction  of  iron  with  the  PCB  mixture 


Table  3 

nRUAe/Tm°Vr0n  3nd  Ar0Cl°r  1254  diCt  (2  m°nthS)  °n  liV£r  WCightS  and  mit0tic  ra,es  ("°-/1000  cells)  in  C57BL/10ScSn  and 


Strain 

Diet 

Iron 

Liver  %  body  weight 

Mitotic  rate 

C57BL/10 

DBA/2 

Control 

Control 

Aroclor 

Aroclor 

Control 

Control 

Aroclor 

Aroclor 

+ 

+ 

+ 

+ 

4.9  ±0.1 

6.3  ±  0.7 

6.4  ±  0.4 

13.7  ±  0.6* 

5.2  ±0.1 

7.1  ±0.2 

5.1  ±0.2 

7.6  ±  0.2 

<1 

<1 

10  ±3 

20  ±  3* 

<1 

<1 

<1 

<1 

*  Significantly  different  from  Aroclor  group  at  P  <  0.05. 
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caused  the  accelerated  development  of  such  a 
population  by  2  weeks  of  Aroclor  diet  (control 
4.8  ±2.4,  iron  6.4  ±1.7,  Aroclor  3.2  ±  1.2,  iron/ 
Aroclor  9.8  ±  1.9%  of  hepatocytes)  and  became 
highly  significant  by  6  months  (iron /Aroclor 
22.7  ±5.4%).  An  interesting  side  observation 
was  the  marked  degree  of  polyploidy  of  nuclei 
observed  for  iron  overload  alone  so  that  2  weeks 
after  a  single  dose  of  iron  to  C57BL/10ScSn  mice 
octoploid  nuclei  represented  22.7%  of  total 
hepatocyte  nuclei  compared  to  7.8%  in  controls 
[16]. 

3.3.  Biochemical  basis  for  the  synergistic  effect 
of  iron 

It  is  quite  clear  that  iron  overload  has  a 
marked  influence  on  the  development  of  both 
hepatic  uroporphyria  and  tumor  development 
caused  by  HCB,  PCBs  and  possibly  TCDD  in  the 
Ah-responsive  C57BL/10ScSn  mouse  but  not  in 
the  nonresponsive  DBA/2  strain.  This  could 
suggest  that  genes  expressed  via  the  Ah  receptor 
are  involved  in  the  mechanism  of  toxicity.  Cur¬ 
rent  theories  center  on  uncoupling  of  an  induced 
cytochrome  P450  1A  system  to  create  an  iron- 
catalysed  ‘oxidative  stress’  [9]  as  shown  in  Fig.  2, 
which  not  only  causes  porphyria  by  oxidation  of 
a  haem  precursor,  but  damages  DNA.  However, 
it  must  be  said  that  evidence  is  not  great  so  far. 
In  fact,  iron  overload  can  depress  cytochrome 
P450  levels.  On  the  other  hand,  certain  gluta¬ 
thione  (GSH)-transferase  activities  and  proteins 
are  synergistically  induced  by  the  HCB-iron 
system  in  rats  [14]  and  the  iron- Aroclor  system  in 

Microsomal  uncoupling 
and  Fe  2+  release 

Oxidative  DNA  /  \  Uroporphyrinogen 

damage  and  altered  /  \  oxidation  and  UD 

gene  expression  /  inhibitor 

/  \  formation 

Cancer  - —  Uroporphyria 

Molecular  and 
cellular  damage  by 
porphyrins 

Fig.  2.  Possible  relationships  between  mechanisms  of  hepatic 
porphyria  and  carcinogenesis. 


mice  (F.  Mann  and  A.G.  Smith,  unpublished 
data).  At  the  same  time  there  is  a  loss  of 
selenium-dependent  GSH  peroxidase  activity 
which  often  occurs  in  oxidative  environments. 
Probably  the  best  evidence  for  an  iron-catalysed 
oxidative  mechanism  is  the  synergistic  enhanced 
occurrence  of  8-hydroxydeoxyguanosine  in  the 
DNA  from  C57BL/10ScSn  mice  treated  with 
iron /Aroclor  but  not  in  the  DNA  from  similarly 
treated  DBA/2  mice  [20].  Further  studies  are  in 
progress  to  elucidate  the  mechanisms. 
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Abstract 

Any  foreign  body  containing  iron  may  be  (or  become)  highly  toxic  in  vivo.  If  its  solubility  in  water  is  poor, 
surface  chemistry  governs  the  reactivity  at  the  solid-liquid  interface.  Iron  toxicity  thus  increases  with  the  extent  of 
exposed  surface.  Iron  of  endogenous  origin  may  also  be  deposited  on  the  particle  surface  and  be  activated  under 
particular  circumstances.  The  chemical  processes  that  implicate  surface  iron  as  a  primary  cause  of  toxicity  are:  free 
radical  release,  mobilization  by  chelators,  iron-catalyzed  reactions.  Three  kinds  of  solids  are  compared,  (i) 
well-known  toxic  materials,  for  example  asbestos;  (ii)  non-toxic  iron  oxides;  and  (m)  model  solids  with  surface 
exposed  iron  prepared  for  investigations  on  the  reactivity  of  iron  in  biological  media.  The  iron  content  of  the  solid 
is  not  directly  related  to  the  biological  response:  only  a  small  fraction  of  ions,  in  a  well-defined  coordination  and 
redox  state,  appears  involved  in  the  toxicity  of  the  mineral  dust. 

Keywords:  Asbestos  fibers;  Artificial  fibers;  Iron  toxicity;  Free  radical  release;  Iron  mobilization;  Chelators, 
Phagocytosis 


1.  Introduction 

The  toxicity  of  iron  in  fibers  is  mostly  confined 
to  xenobiotic  particulate  trapped  in  the  lower 
respiratory  tract.  It  is  well  known  that  fibrous 
materials  are  more  toxic  than  isometric  particu¬ 
late  having  the  same  chemical  composition.  The 
aspect  ratio  of  the  particle  per  se  does  not 
however  justify  the  adverse  biological  response, 
which  mostly  depends  on  the  chemical  composi¬ 
tion  of  the  fiber  itself.  It  is  now  generally  ac¬ 
cepted  that  both  the  form  of  the  particle  and  its 
crystallochemical  composition  determine  the  ulti¬ 
mate  toxicity  [1-3]. 


*  Corresponding  author. 


The  molecular  mechanism  whereby  several 
mineral  fibers  -  typically  asbestos  -  originate 
serious  diseases  when  inhaled  is  still  unclear. 
Antioxidant  enzymes  and  strong  iron  chelators 
decrease  their  toxicity  in  cell  cultures  and  ex¬ 
perimental  animals,  strongly  suggesting  that  a 
crucial  role  might  be  played  by  iron-generated 
active  oxygen  species  (AOS)  [4-7]. 

The  mere  identification  of  one  component  in 
the  mineral  implied  in  the  toxicity,  however,  is 
not  sufficient  to  predict  the  extent  of  damage  and 
the  toxicity  of  particles  of  similar  composition.  A 
more  complex  mechanism  than  with  water-solu¬ 
ble  toxic  substances  takes  place  when  toxicity  is 
originated  by  solid /biological  matter  interac¬ 
tions.  The  toxic  moiety,  in  the  present  case  iron 
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ions,  has  to  be  bioavailable  in  order  to  elicit  a 
biological  response.  This  depends  on  a  large 
variety  of  factors  related  partly  to  the  solid 
(redox  state,  crystallinity,  micromorphology  of 
the  particle,  location  of  the  ions  in  the  external 
layers)  and  partly  to  the  biological  compartments 
in  which  the  fiber  will  be  located  (e.g.  extracellu¬ 
lar  or  intracellular  medium,  phospholipid  lining 
layer,  phagolysosome,  etc).  The  interaction  be¬ 
tween  the  solid  surface  and  the  various  biological 
compartments  will  modify  both  particles  and 
tissues,  and  give  rise  to  the  pathogenic  process. 

The  present  paper  deals  with  some  physico¬ 
chemical  aspects  related  to  the  toxicity  of  iron  in 
solids  and  to  the  possible  prediction  of  the  extent 
of  damage  caused  by  inhalation  of  iron-contain¬ 
ing  particulate. 


2.  Presence  of  iron  in  mineral  and  artificial 
fibers 

Iron,  being  the  most  abundant  metal  on  the 
earth’s  crust,  is  very  often  present,  at  least  in 
traces,  in  most  minerals  [1,8].  We  may  classify 
fibers  from  the  standpoint  of  their  iron  content  in 
3  main  categories: 

(1)  Iron  is  a  constitutive  component  of  the 
mineral  fiber  as  in  crocidolite 

[(Na+)2(Fe2+)3(Fe3+)2(Si,A,Fe3+)8022(0H)9] 
or  amosite  [(Fe2^Mg)7(Si8022)(0H)2]  both  am- 
phibole  asbestos  [1].  While  both  oxidation  states 
-  ferric  and  ferrous  -  occur  in  crocidolite  only 
Fe(II)  is  present  in  amosite.  This  does  not  mean, 
however,  that  the  amosite  surface  will  only 
exhibit  Fe(II)  because  spontaneous  oxidation  of 
surface  ions  is  bound  to  occur  in  air. 

(2)  Iron  substitutes  for  another  ion,  as  in 
chrysotile  asbestos  ([Mg3Si205(OH)4])  where 
Fe2+  and  Mn2+  replace  Mg2+.  In  such  a  case  the 
quantity  will  vary  from  one  specimen  to  another. 
Chrysotile  asbestos  is  often  associated  with  other 
iron-containing  minerals,  e.g.  nemalite  (a  fibrous 
brucite,  Mg(OH)2  where  iron  replaces  mag¬ 
nesium). 

Erionite,  a  fibrous  zeolite,  regarded  as  the 
most  potent  carcinogenic  mineral  fiber  [8,9], 


contains  several  metal  ions,  including  occasion¬ 
ally  iron,  to  compensate  charges. 

(3)  Iron  may  also  be  present  in  artificial  fibers  as 
an  undesired  impurity.  It  often  happens  with 
rock  and  slag  wools  obtained  from  melt  minerals; 
in  traces  it  has  also  been  found  in  glass  wool  [8], 
In  these  cases  the  metal  is  not  well  dispersed 
over  the  fiber,  but  accumulates  in  some  parts  of 
it  during  manufacturing. 

All  iron  in  contact  with  atmospheric  compo¬ 
nents  tends  to  be  oxidized  to  Fe(III).  The  rate  of 
this  process  depends  upon  the  location  of  the  ion 
at  the  surface  [10].  Heating  accelerates  oxidation 
so  that  artificial  fibers  obtained  from  the  melt 
will  be  fully  oxidized  at  the  surface.  Upon  grind¬ 
ing,  new  Fe  "  ions  are  exposed  and  the  newly 
formed  surface  becomes  more  reactive.  Many 
cell-free  tests  have  been  in  fact  performed  with 
freshly  ground  material  [11].  In  some  cases 
grinding  facilitates  a  rapid  full  oxidation,  which 
decreases  the  material  reactivity  [12]. 

3.  Fate  of  a  fiber  in  vivo  and  stages  in  which 
the  biovailability  of  iron  plays  a  role 

The  inhaled  fiber  interacts  with  biomolecules, 
cells  and  tissues  at  different  stages.  The  overall 
toxicity  is  the  result  of  several  subsequent  events 
so  that  more  than  one  single  surface  functionality 
may  be  implied  [13].  Fig.  1  illustrates  the  possible 

iron  in  the  fiber  -  biological  matter  interaction 

in  direct  contact 

extracellular  medium  with  tarSet  cel/s 


reactions  within  ^  free  radical  release 
the  phagolysosome 


Fig.  I.  Stage  at  which  surface  iron  may  react  with  fluids,  cells 
and  tissues. 
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role  of  iron  in  various  circumstances.  Adsorption 
of  endogenous  molecules  at  the  metal  ion  site 
may  determine  the  fate  of  the  fiber.  Interactions 
with  cell  membrane  yield  either  membrane  rup¬ 
ture  and  death  of  the  cell  or  internalisation  of  the 
particle.  Uptake  by  tracheal  epithelial  cells  ap¬ 
pears  mediated  by  iron-derived  AOS  [14,15].  It  is 
noteworthy  that  the  presence  of  both  oxidation 
states  enhances  the  process  [15].  The  fiber  may 
be  phagocytized  by  activated  alveolar  macro¬ 
phages  in  the  attempt  to  attack  and  chemically 
destroy  the  foreign  body,  which,  being  an  inor¬ 
ganic  solid,  is  not  liable  to  be  demolished  as  any 
bacteria  (Fig.  2).  Phagocytosis  will  then  be  suc¬ 
cessful  if  the  fiber  is  engulfed  and  cleared  out  of 
the  lung.  Long  thin  fibers  are  often  partly  inter¬ 
nalized,  i.e.  with  a  part  protruding  out  of  the  cell 
(frustrated  phagocytosis),  with  consequent  leak¬ 
ing  of  intracellular  fluids;  some  smaller  ones  are 
internalized  but  cause  internal  membrane  rup¬ 
ture  and  death  of  the  cell  (failed  phagocytosis). 
In  both  cases,  a  direct  contact  between  intracel¬ 
lular  fluids  (e.g.,  lysosomal  content  at  low  pH,  in 
a  strongly  oxidizing  medium)  and  the  mineral 
surface  will  take  place,  with  consequent  redox 
and  radical  reactions,  modification  of  enzymes, 
etc.  Subsequent  cycles  of  phagocytosing  unsuc¬ 
cessful  events  may,  on  the  one  hand,  modify  the 
mineral  surface  itself,  and,  on  the  other,  provoke 
a  prolonged  release  of  free  radicals,  mainly  AOS, 
out  of  the  cell,  in  the  surrounding  medium.  All 


interaction  with  alveolar  macrophages 


reingestion 


Uptake  mediated 
by  iron  derived  AOS  ?  phagocytosis 

Direct  contact  between 
phagolysosome  content 
-  H202 ,  02':  and  fiber 
surface. 

Iron  catalyzes  formation 
of  active  radicals. 


clearance 


rupture  of 

phagolysosomat  ce"  sl(|W 
membrane  hdissoluIion 

release  of  endogenous 
AOS  and  lytic  enzymes  in 
the  cell  medium 


Fig.  2.  Interaction  between  inhaled  fibers  and  alveolar 
macrophages. 


mineral  dusts  elicit  an  enhanced  generation  of 
free  radicals  from  phagocytes:  the  intensity  of 
this  response,  however,  depends  largely  upon 
their  crystallochemical  features  [16].  A  close 
relationship  between  AOS  production  and  cyto¬ 
toxicity  of  the  fibers  (cytotoxicity  index)  was 
reported  for  a  series  of  mineral  and  artificial 
fibers  [17]. 

A  consistent  fraction  of  the  inhaled  fibers  and 
particles  are  not  cleared  out  of  the  lung,  some 
are  retained  and  coated  by  bioinorganic  matter, 
originating  the  so-called  ferruginous  bodies. 
They  are  made  up  of  a  generally  segmented 
coating  of  iron  oxide  of  endogenous  origin, 
whose  significance  and  function  is  still  uncertain 
[18].  It  has  been  recently  shown  [19]  that  iron 
mobilized  by  low-molecular-weight  chelators 
from  these  bodies  may  damage  DNA,  i.e.,  iron  is 
still  redox  active.  The  formation  of  these  bodies, 
mainly  originated  by  deposition  of  ferritin,  is 
strictly  dependent  on  surface  affinity  for  this 
protein.  The  segmented  appearance  is  likely 
caused  by  deposition  at  specific  surface  sites  [18]. 
Thus  surface  chemistry  also  regulates  this  pecu¬ 
liar  phenomenon  of  biomineralisation. 


4.  How  fibers  and  cells  give  rise  to  free  radicals 

There  is  much  evidence  from  in  vivo  and  in 
vitro  tests  supporting  the  hypothesis  that  free 
radicals  and  other  reactive  oxygen  species  are  an 
important  mechanism  by  which  asbestos  and 
other  mineral  fibers  mediate  tissue  damage  [4- 
7,20].  Evidence  was  found  that  antioxidants 
markedly  reduced  the  pathogenic  effect  of  asbes¬ 
tos.  The  mechanism  whereby  the  fiber  promotes 
or  catalyzes  the  abnormal  release  of  AOS  is  still 
under  debate  but  several  data  indicate  that  a 
crucial  role  is  played  by  the  iron  ions  at  the 
surface  of  the  fiber.  Addition  of  desferrioxamine, 
a  potent  iron  chelator,  decreases  both  cell  dam¬ 
age  and  lipid  peroxidation  [20,21]. 

If  iron  and  AOS  are  implied  in  asbestos 
toxicity,  the  question  arises  of  what  is  the  role  of 
iron  at  the  molecular  level  and  whether  AOS  are 
of  exogenous  or  endogenous  origin  or  both. 

In  dust-cell  interaction  there  are  2  possible 
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sources  of  free  radicals:  during  phagocytosis 
various  chemicals  are  produced  by  the  cell  in  the 
attempt  to  destroy  the  foreign  body,  among 
which  the  superoxide  anion,  02  *  and  hydrogen 
peroxide;  the  particle  per  se  triggers  radical 
reactions  when  in  contact  with  body  fluids. 

In  both  cases  the  radical  concentration  at¬ 
tained  may  impair  the  body  defenses  and  conse¬ 
quently  radicals  may  reach  some  target  cell  and 
initiate  a  pathogenic  process.  The  capability  of  a 
given  material  to  release  free  radicals  is  thus  of 
paramount  importance  in  predicting  its  toxicity. 

Three  possible  ways  for  free  radical  release 
from  aqueous  suspensions  of  mineral  dusts  (cell- 
free  tests)  have  been  envisaged  so  far  [22]: 

(1)  Production  of  OH  in  presence  of  hydrogen 
peroxide,  following  a  Fenton-type  reaction 

+  H202— »M"  +  1  +  ‘  OH  +  OH" 

first  proposed  for  asbestos  [23]  and  subsequently 
also  for  glass  fibers  [24]  and  for  various  other 
minerals  such  as  kaolin  in  the  presence  of  reduc¬ 
ing  agents  [25,26].  It  applies  only  to  possible 
reactions  occurring  in  well-defined  biological 
compartments  where  hydrogen  peroxide  is  pres¬ 
ent,  typically  the  phagolysosome. 

(2)  Production  of  OH  from  0?  present  in  the 
solution,  following  the  reaction  sequence: 

02  4-  e  — >  02 

02~  +  e~  +  H+  -^H202 

H202  +  e~^  OH  +  OH~ 

Mechanism  2  was  proposed  for  a  large  variety  of 
mineral  and  artificial  fibers  [11,27,28].  It  may 
occur  in  any  biological  compartment  as  oxygen  is 
ubiquitous,  but  requires  efficient  electron  donat¬ 
ing  sites  at  the  surface  of  the  particle. 

(3)  Hydrogen  abstraction  from  an  organic  mole¬ 
cule  HR 

X  +  H-:-R  — »  XH  +  R  ’ 

This  mechanism  does  not  necessarily  involve 
AOS,  although  it  does  not  take  place  in  oxygen- 
free  solutions.  It  appears  the  most  general  one 
and  has  been  found  on  a  larger  variety  of  fibers 
[22,29-31]  and  iron  minerals  [32], 

We  have  recently  found  in  our  laboratory  that 


mechanisms  1  and  3  may  occur  on  the  same 
particle,  but  involve  different  kinds  of  active 
surface  sites  [22].  The  2  mechanisms  operate  with 
different  target  molecules  and  cause  oxidation 
(a)  and  reduction  (b)  of  the  active  surface  site. 


Mechanism  1: 
reduced 

surface  site 


oxidized 
surface  site 


solid  surface 


H-O-O-H - »OH"+  OH 


Mechanism  3: 
oxidized 

surface  site 


reduced 
surface  site 


solid  surface 


HCOO  - »C02~ 

The  3  mechanisms  apply  to  aqueous  suspensions 
of  the  solid  particles  and  involve  interfacial 
phenomena.  Iron  implicated  may  be  strictly 
bound  to  the  surface,  mobilized  at  the  interface 
layer  or  even  into  the  solution  by  chelators  (see 
below).  In  the  experimental  conditions  reported 
for  the  evaluation  of  free  radical  release  (spin 
trapping)  the  only  possible  chelator  is  the  phos¬ 
phate  ion  from  the  buffer.  Investigations  on  the 
activity  of  the  filtrate  by  us  and  other  authors 
[12,31]  revealed  that  the  effect  of  iron  in  solution 
is  minimal  if  any. 

Not  all  iron-containing  minerals  are  toxic  [33], 
similarly  not  all  iron-containing  minerals  release 
free  radicals  in  solution  [34,35].  The  case  of 
different  categories  of  iron-containing  mineral 
particles  is  illustrated  in  Table  1: 

•  simple  iron  oxides  (hematite  (Fe203)  and 
magnetite  (Fe304); 

•  asbestos:  (i)  the  2  most  widespread  (chrysotile 
(UICC  B),  and  crocidolite);  (ii)  2  asbestiform 
minerals  from  Piedmont  ores  (Italy) 
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Table  1 

Iron  content,  surface  area  and  free  radical  release 


Solids  Specific  surface  (m2  / g) 


Hematite  3 

Magnetite  27 

Chrysotile  27 

Crocidolite  8 

Balangeroite  3 

Carlosturanite  4 

FeY  zeolite  n.d. 

FeO/MgO  40-50 


Iron  content  (%  W/W)  R*  radical  release”  H '  OH  radical  release” 

abstraction  (a.u.)  (a.u.) 


Aged 

Freshly  ground 

Aged 

Freshly  ground 

70 

Blank 

Blank 

Blank 

Blank 

72 

50 

n.d. 

135 

n.d. 

2-6 

275 

580 

223 

190 

27 

83 

300 

112 

160 

4-6 

40 

100 

100 

130 

5-7 

30 

480 

250 

205 

4 

2500 

n.d. 

125 

n.d. 

5 

1380 

1460 

160 

185 

a  Free  radical  release  was  detected  by  means  of  the  spin  trapping  technique,  employing  DMPO  as  spin  trap.  In  both  cases  the 
intensity  of  the  EPR  signal  measures  the  number  of  radicals  trapped  as  [DMPO-CO,  *  ~]  adduct  (formate  ion  as  target  molecule) 
for  H '  abstraction  and  as  (DMPO-OH ' )  adduct  (hydrogen  peroxide  as  target  molecule)  for  OH  radical  release  [22]. 


(balangeroite  and  carlosturanite,  the  former 
being  a  typical  contaminant  of  chrysotile  from 
Balangero  (Italy).  In  both  iron  is  a  constitu¬ 
tive  component  [36]; 

•  2  model  solids  prepared  for  investigations  on 
the  toxicity  of  iron-containing  materials  [22]. 
An  iron  exchanged  Y  zeolite  (FeY,  ionic 
exchange  performed  in  a  solution  of  FeS04) 
[22]  and  a  solid  solution  of  ferrous  and  mag¬ 
nesium  oxide  (FeO/MgO).  The  former 
mimicking  the  silicic  framework,  the  latter  the 
brucitic  part  of  asbestos. 

Iron  content  and  specific  surface  of  each  solid 
are  compared  with  their  capability  to  release  free 
radicals  following  mechanism  1  (*OH  from 
H202)  or  3  (H '  abstraction)  evaluated  by  means 
of  the  spin  trapping  technique  [22].  The  extent  of 
free  radical  release  does  not  parellel  iron  con¬ 
tent,  nor  surface  iron.  The  oxides  are  the  richer 
in  iron  and  the  most  inactive,  whereas  model 
solids,  which  are  relatively  poor  in  iron  but  with 
ions  poorly  coordinated  and  mostly  in  low  va¬ 
lency  state,  are  very  reactive,  particularly  in  H 
abstraction. 

This  is  in  agreement  with  what  was  previously 
found  by  Pezerat  and  coworkers  over  a  wide 
variety  of  iron-containing  minerals,  some  active 
and  some  inactive  [29-32].  The  propensity  to 
yield  H  abstraction  was  associated  to  the  pres¬ 
ence  of  Fe(II)  ‘accessible’  at  the  mineral  surface 
[37].  Accessibility  was  evaluated  through  chela¬ 


tion  of  Fe(II)  by  2,2 '-bipyr  idyl  in  phosphate 
buffer  and  formation  of  the  stable  iron-bipyridyl 
complex  in  solution.  As  this  mechanism  -  at  least 
in  vitro  -  is  a  non-catalytic  one  [22],  the  amount 
of  radicals  released  necessarily  reflects  the  extent 
of  active  sites  at  the  surface.  The  chemical  nature 
of  it  is  still  under  debate:  an  association  between 
Fe(II)-Fe(III)  (couples  or  small  clusters  of  Fe2+- 
Fe3+)  [10,13,22,35]  or  ferryl/perferryl  groups, 
originated  by  oxidation  in  air  of  Fe(II)  [29-32] 
appear  the  best  candidates.  The  former  somehow 
recalls  what  was  found  for  the  initiation  of  lipid 
peroxidation  in  homogeneous  media  [38]. 

Mechanism  1  appears  somehow  insensitive  to 
the  content  of  iron;  it  takes  place  on  all  solids, 
except  hematite,  with  relatively  similar  intensity, 
the  most  active  (carlosturanite)  releasing  just 
twice  the  amount  of  radicals  than  the  least  active 
ones  (crocidolite  and  Fe-zeolite).  Few  active  sites 
catalyze  the  reaction:  glass  fibers  with  just  traces 
of  iron  have  been  found  more  active  than 
crocidolite  itself  [24].  The  coordination  state  of 
iron  in  glass  fibers  is  such  that  the  iron  becomes 
catalytic. 

Table  1  also  illustrates  the  effect  of  newly 
formed  surfaces  -  freshly  ground  vs.  aged  sam¬ 
ples  -  on  free  radical  potential.  It  is  well  known 
that  mechanical  grinding  activates  the  surfaces 
and  its  impact  on  the  toxicity  of  inhaled  dusts  has 
been  stressed  by  several  authors  [10,13,39,40]. 
Grinding  is  effective  on  mechanism  3,  particu- 
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larly  with  asbestos,  but  not  on  mechanism  1.  This 
points  to  an  involvement  of  ‘not  yet  oxidized’ 
Fe(II)  at  the  new  surface  in  mechanism  3  which 
is  ineffective  on  mechanism  1. 

If  mechanism  3  is  the  one  related  to  the 
pathogenic  activity  of  iron  in  minerals  as  pos¬ 
tulated  by  Pezerat  and  coworkers  [29-32,41],  a 
question  arises  on  the  fate  of  the  surface  active 
sites  in  vivo.  May  active  sites  enter  a  redox  cycle 
whereby  a  continuous  release  of  free  radicals 
takes  place?  Fig.  3  reports  the  [DMP0-C02 '  ] 
electron  paramagnetic  resonance  (EPR)  spectra 
obtained  with  the  FeY  zeolite  pretreated  with  an 
excess  of  hydrogen  peroxide  and  subsequently 
with  glutathione.  The  surface  is  inactivated  by 
hydrogen  peroxide  (fully  oxidized  to  ferric  iron) 
but  glutathione  largely  restores  its  activity.  Simi¬ 
lar  activation /inactivation  cycles  may  occur  dur¬ 
ing  successive  failed  phagocytosis  (Fig.  2). 


•  i 

(r.g.3200) 


b 

(r.g.50000) 


r 

(r.g.  10000) 

Fig.  j.  EPR  spectra  of  the  DMPO-CO-,  adduct  produced  in 
a  suspension  of  FeY  in  a  buffered  solution  (pH  7.4)  con¬ 
taining  sodium  formate  (0.5  M)  and  DMPO  (0.05  M)  incu¬ 
bated  30  min  at  37°C.  EPR  experimental  conditions  were: 
microwave  power  10  mW;  modulation  frequency  100  MHz; 
modulation  amplitude  1  G;  scan  range  100  G;  field  set  3380. 
(a)  Original  FeY;  (b)  FeY  incubated  in  H2Oy  and  (c)  FeY  ex 
H20,  incubated  in  glutathione. 


5.  Biochemical  reactions  relatable  to  the 
presence  of  iron  in  the  fiber 

5.1.  Lipid  peroxidation 

Asbestos  can  catalyze  lipid  peroxidation  in  cell 
membrane  lipids  or  in  model  systems  such  as 
fatty  acid  emulsions  or  liposomes  [7,21,42-44], 
Iron-catalyzed  reactions  via  radical  pathways  are 
suggested,  as  AOS  scavengers  and  desferriox- 
amine  inhibit  the  reaction.  The  process  of  free 
radical  formation  detected  with  the  spin  trapping 
technique,  however,  does  not  appear  to  be  corre¬ 
lated  to  lipid  peroxidation.  The  2  processes  have 
common  characteristics  as  they  both  depend  on 
iron  ions  available  in  the  mineral  and  require 
ferrous  ions  [37,45]  but  a  comparative  analysis  of 
the  results  obtained  on  the  same  group  of  iron- 
containing  minerals  revealed  different  activities 
of  the  minerals  in  the  2  tests  [44].  This  is  in 
agreement  with  findings  in  homogeneous  sys¬ 
tems.  Lipid  peroxidation  induced  by  soluble  iron 
complexes  is  dissociated  from  the  pathway  lead¬ 
ing  to  free  hydroxyl  radical  generation  in  liver 
microsomes  [46]  and  the  same  was  observed  for 
lipid  peroxidation  and  oxy-radical  formation  in¬ 
duced  by  ferritin  [47].  It  is  also  noteworthy  that 
the  toxicity  to  macrophages  was  found  to  be  not 
related  to  crocidolite  asbestos-induced  lipid 
peroxidation  [44]. 

It  has  been  recently  reported  that  fiber-in¬ 
duced  lipid  peroxidation  depends  both  on  the 
composition  of  the  incubating  solution  (mainly 
presence  of  chelators)  and  on  the  texture  of  the 
minerals  involved.  These  factors  may  also  ex¬ 
plain  why  some  fibers  induce  lipid  peroxidation 
in  linolenic  acid  but  not  on  epithelial  cell  mem¬ 
branes  [31]. 


5.2.  DNA  damage 

DNA  damage  caused  by  asbestos  has  been 
investigated  in  various  ways.  Production  of  8- 
hydroxydeoxyguanosine  was  detected  both  in  the 
presence  [48]  and  in  the  absence  [28]  of  hydro¬ 
gen  peroxide.  In  spite  of  the  fact  that  the  OH ' , 
as  a  short-life  radical,  is  expected  to  be  unable  to 


B.  Fubini,  L.  Mollo  /  Toxicology  Letters  82183  (1995)  951-960 


957 


reach  the  target  cell,  direct  hydroxylation  of 
DNA  by  OH '  originated  by  asbestos  was  found 
by  Leanderson  et  al.  [28].  A  mineral-mediated 
oxidation  yielding  purine  decomposition  prod¬ 
ucts  has  been  obtained  directly  from  incubation 
of  minerals  with  nucleosides  [49]. 

The  induction  of  single  strand  breaks  (SSB)  in 
DNA  by  various  asbestos  was  largely  investi¬ 
gated  by  Aust  and  coworkers  [50-53].  They  have 
concentrated  their  work  on  the  iron  that  may  be 
mobilized  from  asbestos  by  low-molecular- 
weight  chelators,  pointing  out  that  in  that  form 
iron  may  reach  the  target  cell,  particularly  DNA, 
more  easily  than  iron  retained  on  asbestos. 
Considerable  amounts  of  iron  were  extracted 
from  crocidolite  and  other  asbestos  by  endogen¬ 
ous  chelators  and  it  was  clearly  demonstrated 
that  the  extent  of  DNA  damage  parallels  mobil¬ 
ized  iron.  Hydrogen  peroxide  and  ascorbate 
increase  the  induction  of  SSB,  suggesting  a  redox 
radical  mechanism  involving  iron  in  low  oxida¬ 
tion  state.  Both  solid  surface  and  mobilized  iron 
may  trigger  the  relevant  radical  reaction.  Consid¬ 
ering,  however,  that  the  fiber  has  to  be  close  to 
the  target  biomolecule  in  order  to  catalyze  dam¬ 
age  reactions,  target  cells  will  likely  be  more 
easily  reached  by  mobilized  iron.  A  synergistic 
effect  of  surface  and  chelated  iron  in  solution 
may  also  be  considered  when  dealing  with  iron 
toxicity  in  vivo. 

6.  Mobilization  of  iron  at  the  solid/liquid 
interface 

6.1.  Iron  depletion 

Removal  of  iron  from  various  asbestos  by 
incubation  in  several  iron  chelators,  endogenous 
and  exogenous,  was  widely  investigated  by  Lund 
and  Aust  [50-52].  In  spite  of  the  minimal  solu¬ 
bility  of  the  mineral  fiber  in  water,  the  presence 
of  chelators  induced  a  substantial  release  of  iron 
in  solution.  Association  of  a  reductant  and  of  a 
chelator  appear  the  most  effective  agents  [52,54]. 

Iron  released  does  not  parallel  the  mere  iron 
content  of  the  mineral  [34]  but  depends  on 


several  factors  including  crystalline  structure, 
surface  area,  coordination  of  the  ion  and  redox 
state.  By  comparing  the  results  obtained  on  a  set 
of  fibers  by  a  set  of  chelators,  it  has  been  recently 
found  in  our  laboratory  that  the  potential  for 
iron  abstraction  of  a  chelator  is  also  a  function  of 
the  solid  involved,  e.g.  the  most  effective 
chelator  for  crocidolite  is  not  necessarily  the 
most  effective  one  for  amosite.  Surface  chemistry 
thus  also  regulates  phenomena  relative  to  soluble 
iron.  Successive  incubations  revealed  that  within 
the  solid,  iron  depletion  induced  substantial  ion 
mobility  [35]  so  that  it  becomes  difficult  to  define 
a  true  equilibrium  state.  Mobilization  rates  mea¬ 
sured  in  the  same  conditions  enable  correct 
comparisons  of  the  behaviour  of  different  solids. 
Fig.  4  reports  the  amount  of  iron  removed  by 
desferrioxamine  from  2  chrysotiles  (UICC  A  and 
B),  crocidolite  (UICC)  and  nemalite,  a  fibrous 
brucite  associated  to  Canadian  chrysotile 
[10,11,31]. 

Iron  release  is  immediate  from  nemalite 
whereas  depletion  from  the  2  asbestos  in  the  first 
2  h  is  relatively  weak  but  then  depletion  kinetics 
remarkably  increase.  While  at  the  beginning  iron 
removed  from  nemalite  is  more  than  10-fold  that 
which  was  removed  from  the  3  asbestos  at  the 


ml  chelating  solution)  were  incubated  at  37°C.  The  iron 
amount  in  the  supernatant  solutions  was  evaluated  at  differ¬ 
ent  times  by  visible  spectroscopy  (428  nm,  Fe3+ -desferriox¬ 
amine  complex).  Nemalite,  O;  crocidolite,  X;  chrysotile  A,  *; 
chrysotile  B,  □. 
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end  of  the  experiment  (7  days  of  incubation),  the 
amounts  released  are  about  50, 130  and  180  nmol 
per  mg  of  the  solid  for  chrysotile,  crocidolite  and 
nemalite,  respectively. 

Incubation  in  various  chelators  did  not  modify 
the  crystalline  structure  of  asbestos  as  far  as  their 
detectability  by  X-ray  diffraction  is  concerned 
but  micromorphology  and  organisation  of  the 
outmost  layers,  iron  coordination  and  potential 
for  free  radical  release  were  seriously  affected 
[22,35].  Electron  microscopy  (high  resolution 
electron  microscopy)  revealed  that  following  iron 
depletion  the  crystallinity  of  the  external  layers 
was  lost  in  amosite  and  crocidolite  fibers  [35]. 
Fibers  pretreated  with  the  same  chelators  used 
by  Lund  and  Aust  for  selective  removal  of  Fe3+ 
and  Fe2+  (desferrioxamine  and  ferrozine)  fully 
inhibited  radical  release  following  hydrogen  ab¬ 
straction  (mechanism  3)  confirming  that  both 
oxidation  states  are  required  for  this  reaction 
[22]. 

6.2.  Iron  deposition 

Fibers  depleted  from  iron  may  reuptake  iron 
from  solutions.  A  coating  of  Fe(III)  was  reported 
to  inactivate  free  radical  release  from  crocidolite 
asbestos  [55].  The  mechanism  is  likely  the  same 
whereby  hydrogen  peroxide  inactivates  the  fib¬ 
ers,  i.e.  ferric  iron  alone  is  non-reactive.  Any 
kind  of  ion,  including  ferrous  or  ferric,  may  be 
deposited  at  the  surface  thus  potentially  modify 
its  toxic  potency.  Iron  deposition  was  found  to 
activate  erionite  in  the  induction  of  DNA  SSB 
[56]  to  increase  the  ability  of  crocidolite  in  the 
same  reaction  [57]. 

A  peculiar  case  of  deposition  is  the  formation 
of  ferrouginous  bodies.  Whether  they  are  the 
product  of  a  defense  of  the  organism  from  the 
fiber  or  not,  they  certainly  contain  considerable 
amounts  of  iron  that  may  become  potentially 
toxic  under  some  circumstances.  It  has  been 
recently  shown  that  iron  associated  with  these 
bodies  is  responsible  for  the  formation  of  SSB  in 
DNA,  and  that  this  effect  was  increased  in  the 
presence  of  low-molecular- weight  chelators  [18]. 

A  complex  cycle  of  iron  depletion-iron  deposi¬ 
tion  will  take  place  in  vivo,  whereby  endogenous 


chelators  will  remove  iron  while  ferritin  and/or 
hemosiderin  will  be  deposited  as  a  coating  on  the 
fiber.  Far  from  being  unchanged  the  inorganic 
fiber  in  a  biological  environment  will  thus  under¬ 
go  continuous  surface  modifications,  determining 
the  ultimate  toxicity  of  the  inhaled  fibers. 
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Abstract 


The  design  of  clinically  useful  iron  chelators  requires  attention  to  be  paid  to  3  key  parameters:  oral  absorption, 
selectivity  and  affinity  for  iron(III)  and  toxicity.  Factors  which  influence  these  3  parameters  are  discuss  d. 
Hydroxypyridinones  are  identified  as  key  ligands  and  properties  leading  to  minimal  toxia  y  and  opn 
distribution  for  the  treatment  of  thalassaemia  are  presented.  Key  metalloenzymes  which  are  inhibited  by 
chelators  are  identified. 
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1.  Introduction 

The  design  of  an  orally  active,  non-toxic, 
selective  iron  chelator  has  been  a  goal  of  many 
medicinal  chemists  over  the  past  20  years.  Natu¬ 
rally  occuring  siderophores  provide  excellent 
models  for  such  molecules,  indeed,  desferriox- 
amine  has  been  and  still  remains  an  extremely 
useful  iron  chelator.  Unfortunately,  it  lacks  high 
oral  bioavailability.  Many  other  siderophores 
have  been  investigated  but  all  have  failed  under 
in  vivo  conditions  for  one  reason  or  another  [1]. 
Consequently  a  radical  approach  was  required  to 
tackle  this  most  difficult  problem.  We  have  simul¬ 
taneously  monitored  3  different  parameters  in  an 
attempt  to  design  useful  iron  chelators.  These  are 
oral  absorption,  selectivity  and  affinity  for  iron, 
and  toxicity.  Although  an  ideal  orally  active, 
non-toxic,  iron  chelator  has  yet  to  be  identified, 
we  believe  that  we  are  well  on  the  way  to  solving 
the  problem.  In  this  overview  the  critical  param¬ 
eters  outlined  above  will  be  discussed  and  recent 


developments  with  hydroxypyridinone  chelators 
described. 

2.  Absorption  of  chelators  from  the 
gastrointestinal  tract 

Two  major  factors  influence  the  non-facilitated 
absorption  of  a  drug  from  the  gastrointestinal 
tract,  the  oil /water  distribution  coefficient  and 
the  molecular  weight.  Whereas  there  is  consider¬ 
able  quantitative  information  concerning  the 
distribution  coefficient  [2],  there  are  remarkably 
few  studies  devoted  to  the  effect  of  molecular 
weight.  Non-facilitated  diffusion  is  generally  con¬ 
sidered  to  be  dominant  for  drugs  with  molecular 
weights  <200.  The  transcellular  route  involves 
diffusion  into  the  enterocyte  and  thus  utilises 
some  95%  of  the  surface  area  of  the  small 
intestine.  In  contrast,  the  paracellular  route  only 
utilises  a  small  fraction  of  the  total  surface  area 
and  the  corresponding  flux  via  this  route  is  much 
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smaller.  The  cut-off  molecular  weight  value  for 
the  paracellular  route  in  the  human  small  intes¬ 
tine  is  approximately  400  [3]  and  that  for  the 
corresponding  transcellular  route,  as  judged  by 
polyethylene  glycol  permeability  is  500  [4].  How¬ 
ever  with  iron  chelators  it  is  essential  to  achieve 
efficient  absorption  from  the  gastrointestinal 
tract,  as  daily  doses  probably  need  to  fall  within 
the  range  1-2  g  in  order  to  maintain  negative 
iron  balance.  Thus  50%  absorption  of  the  dose 
would  leave  1-2  g  remaining  in  the  lumen  of  gut 
-  a  level  which  might  be  expected  to  cause 
disturbance  to  the  microbiological  flora.  In  order 
to  achieve  greater  than  70%  absorption  the 
chelator  molecular  weight  probably  needs  to  be 
less  than  300  [4]. 

This  molecular  weight  limit  places  a  consider¬ 
able  restriction  on  the  choice  of  chelator  and 
effectively  excludes  hexadentate  ligands  from 
consideration.  Most  siderophores,  including  de- 
sferrioxamine  have  molecular  weights  between 
550  and  900.  Although  EDTA  has  a  molecular 
weight  of  292,  it  is  too  small  to  completely 


encompass  the  chelated  iron.  DTPA  (molecular 
weight  393)  and  HBED  (I)  (molecular  weight 
386)  are  probably  close  to  the  minimal  size 
possible  for  effective  hexadentate  iron(III)  lig¬ 
ands.  Desferrioxamine  (4)  possesses  a  molecular 
weight  of  561. 

The  absorption  of  both  these  ligands  is  known 
to  be  low,  although  the  prodrug  (dimethylester) 
form  of  HBED  (I)  has  been  reported  to  possess 
acceptable  oral  bioavailability  [5].  In  sharp  con¬ 
trast,  by  virtue  of  their  much  lower  molecular 
weights,  bidentate  and  tridentate  ligands  (Fig.  1) 
are  predicted  to  possess  higher  absorption  ef¬ 
ficiencies.  Thus  the  hydroxypyridinones,  defer- 


BIDENTATE  TRIDENTATE  HEXADENTATE 

Fig.  1.  Schematic  representation  of  octahedral  iron(HI)  com¬ 
plexes  with  bidentate,  tridentate  and  hexadentate  ligands. 


1 

HBED  (R  =  H) 

HBED  Dimethyl  ester  (R  =  CH3) 


Rx  Rz 

CP20  CH,  CH, 

CP94  C2H5  C2H5 

CP  102  (CH2)2OH  C2H5 


T 

9 

V 

,0— 

-N% 

M 

,0— 

-N. 

H2N(CH2)5 

\ 

(CH2)2 

(CH2)5 

(CH2)2 

(CH^)5  ch3 

N — C 

N — C 

N — C 

/ 

w 

/ 

/  ^ 

HO 

o 

HO 

0 

HO  O 

3 


4 

Scheme  1.  Structure  of  iron(III)  chelators. 
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riprone  (CP20)  and  CP94  (2),  with  respective 
molecular  weights  of  139  and  167,  are  both 
efficiently  absorbed  by  man  [6,7].  In  similar 
fashion  the  tridentate  chelator  desferrithiocin 
(3),  (molecular  weight  238)  is  also  efficiently 
absorbed  from  the  mammalian  intestinal  tract. 


3.  Selectivity  and  affinity  for  iron 

Iron  chelators  can  be  designed  to  be  selective 
for  either  the  iron(III)  or  iron(II)  oxidation 
states.  However  all  iron(II)-favouring  ligands 
also  possess  appreciable  affinities  for  the  physio¬ 
logically  important  zinc(II),  copper(II),  manga- 
nese(II)  and  cobalt(II)  ions  and  thus  the  design 
of  a  non-toxic  iron(II)-selective  ligand  is  not 
possible.  In  contrast,  although  iron(III)-favour- 
ing  ligands  also  possess  favourable  affinities  for 
other  tripositive  cations,  such  as  aluminium(III), 
gallium(III)  and  indium(III),  these  are  not  phys¬ 
iologically  important.  Thus  in  principle,  it  is 
possible  to  design  a  non-toxic  iron(III)-selective 
ligand.  An  additional  advantage  of  high  affinity 
iron(III)  ligands  is  that  under  aerobic  conditions 


Table  1 

p Ka  values  and  affinity  constants  for  dioxobidentate  ligands 
for  iron(IIl) 


P*a, 

P*.2 

ft 

pM 

Catechol 

8.4 

12.1 

40 

15 

3-Hydroxypyridin-4-one 

3.6 

9.9 

37 

20 

3-Hydroxypyridin-2-one 

0.2 

8.6 

32 

16 

3-Hydroxypyran-4-one 

- 

8.7 

28.5 

15 

1  -Hydroxypyridin-2-one 

- 

5.8 

27 

16 

Acetohydroxamic  acid 

— 

9.4 

28.3 

13 

pM  =  -log  [Fe,  +  ]  when  pH  =  7.4,  [Ligand]Total  =  10-5  M,  and 
[Fe^ToUl  =  ltr6  M. 


they  will  also  chelate  iron(II)  cations  and  autox- 
idase  them  to  the  iron(III)  species  [8].  Thus,  high 
affinity  iron(III)-selective  chelators  bind  both 
iron(III)  and  iron(II)  under  most  physiological 
conditions. 

Iron(III)  forms  most  stable  bonds  with  oxy¬ 
gen-containing  chelating  agents.  It  is  for  this 
reason  that  the  majority  of  siderophores  utilise 
the  dioxo  ligands  catechol  and  hydroxamate.  The 
affinity  of  such  compounds  for  iron(III)  reflects 
the  p Ka  values  of  the  chelating  oxygen  atoms, 
the  higher  the  affinity,  the  higher  the  p Ka  value 
(Table  1)  [9].  Thus  catechol  possesses  the  highest 
p Ka  value  followed  by  3-hydroxypyridin-4-one; 
both  chelating  oxygens  on  these  2  ligands  possess 
appreciable  affinities  for  protons,  in  contrast  to 
the  other  chelators  listed  in  Table  1.  The  surpris¬ 
ingly  high  p Ka  value  of  the  carbonyl  function  of 
the  3-hydroxypyridin-4-one  results  from  exten¬ 
sive  delocalisation  of  the  lone  pair  associated 
with  the  ring  nitrogen  atom.  Although  the  cate¬ 
chol  derivative  possesses  a  higher  f$3  value  than 
that  of  the  3-hydroxypyridin-4-one,  the  corre¬ 
sponding  pM  value  is  lower.  This  difference  is 
due  to  the  relatively  higher  affinity  of  catechol 
for  protons.  Thus  on  the  basis  of  pM  values,  pM 
is  -log[Fe3+]  at  pH  7.4  when  [Ligand]  Total 
10'5  M  and  [Fe3 1  ]Total  =  10"6  M,  the  3-hydroxy- 
pyridin-4-one  class  possesses  the  greatest  affinity 
for  iron(III).  All  the  ligands  presented  in  Table  1 
possess  the  following  relative  affinities  Fe(III) 
»  Cu(II)  >  Zn(II)  »  Ca(II)  >  Mg(II). 


4.  Toxicity 

Although  bidentate  and  tridentate  ligands  pos¬ 
sess  a  clear  advantage  over  hexadentate  ligands 


Table  2 

Comparative  toxicities  of  iron(III)  chelators 

Bidentate  and  tridentate  ligands 

Hexadentate  ligands 

Penetration  of  BBB  is  dependent  on  /Cpart  value 
Kinetically  labile  -  iron  redistribution  is  possible 

Affinity  for  iron  is  concentration  dependent 

Form  2:1  and  1:1  complexes  which  could  be  toxic 

Generally  low  penetration  of  BBB 

Kinetically  inert  -  iron  redistribution  is  unlikely 

Affinity  for  iron  is  concentration  independent 

Only  form  1:1  complexes,  which  are  generally  non-toxic 
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with  respect  to  oral  bioavailability  they  are 
potentially  more  toxic  as  is  indicated  in  Table  2. 
Concerning  the  blood  brain  barrier  (BBB),  non- 
facilitated  penetration  of  drugs  is  critically  de¬ 
pendent  on  the  distribution  coefficient  and  val¬ 
ues  below  0.05  result  in  extremely  poor  penetra¬ 
tion  [10].  Thus  if  bidentate  pyridin-4-ones  are 
used  with  a  distribution  coefficient  lower  than 
this  critical  value,  then  entry  to  the  central 
nervous  system  is  predicted  to  be  low.  Problems 
associated  with  both  the  kinetic  lability  and 
concentration  dependence  of  3-hydroxypyridin- 
4-one  (2)  and  desferrithiocin  (3)  iron  complexes 
are  minimal  under  physiological  conditions  due 
to  the  relatively  high  affinity  of  the  ligands  for 
iron(III)  [9]. 

Hydroxypyridin-4-ones  and  desferrithiocin  are 
efficient  scavengers  of  iron  even  in  the  ligand 
concentration  range  of  1-10  /zM  [9].  As  long  as 
the  3:1  pyridinone  and  the  2:1  ferrithiocin  iron 
complexes  dominate  the  speciation  of  the  low- 
molecular-weight  forms  of  iron,  then  minimal 
hydroxyl  radical  production  occurs.  Indeed,  the 
viability  of  cultured  hepatocytes,  as  judged  by 
the  release  of  lactate  dehydrogenase  is  enhanced 
by  the  presence  of  3-hydroxypyridin-4-ones  in 
the  concentration  range  2-100  fiM  [11]. 

One  of  the  problems  with  orally  active  com¬ 
pounds  such  as  the  hydroxypyridinones  and 
desferrithiocin  is  that  by  virtue  of  their  relatively 
low  molecular  weight  and  favourable  distribution 
coefficients,  they  rapidly  penetrate  most  cells  and 
hence  gain  access  to  a  wide  range  of  metal- 
loenzymes. 


4.1.  Inhibition  of  iron-dependent  enzymes 

In  principle  chelating  agents  can  inhibit  metal- 
loenzymes  via  3  different  mechanisms,  removal 
of  the  essential  metallic  cofactor,  formation  of  a 
stable  ternary  complex  or  deprivation  of  the 
apoenzyme  of  its  normal  source  of  metal  ion. 
Iron(III)  chelating  agents  generally  do  not  inhib¬ 
it  haem-containing  enzymes  or  iron-sulphur  clus¬ 
ter  proteins.  They  do  however  interfere  with 
mono-iron  and  bi-iron  centres  coordinated  to 


Table  3 

Cu-  and  Fe-containing  enzymes  which  are  inhibited  by  iron 
chelators 

Lipoxygenase  family  (5-,  12-  and  Lv) 

Post  translational  modification  of  proteins 
ProIyl-4-hydroxylasc 
Lysine-4-hydroxylase 
Dcoxyhypusyl  hydroxylase 
Aromatic  hydroxylase  family 
Phenylalanine,  tyrosine  and  tryptophan  hydroxylase 
Ribonucleotide  reductase 


oxygen  ligands.  Examples  of  such  enzymes  are 
given  in  Table  3. 

In  general  lipoxygenases  are  inhibited  by  hy¬ 
drophobic  chelators  [12]  and  therefore  the  intro¬ 
duction  of  hydrophilic  characteristics  tends  to 
minimise  inhibitory  potential.  Hydroxylation  of 
specific  protein  residues  is  achieved  by  a  closely 
related  group  of  proteins  each  of  which  being 
selective  for  the  -GlyXYGly  motif.  High  chelator 
concentrations  are  generally  required  to  cause 
appreciable  inhibition;  the  IC5()  values  for  CP20 
(2)  for  instance  are  prolyl-4-hydroxylase  (150 
/zM)  and  deoxyhypusyl  hydroxylase  (90  yuM) 
[13]-  Thus  if  the  clinical  levels  of  chelator  can  be 
limited  to  <25  gM,  inhibition  of  these  enzymes 
should  not  present  serious  problems.  The  aro¬ 
matic  amino  acid  hydroxylases  are  particularly 
susceptible  to  inhibition  by  hydroxypyridinones 
due  to  the  similar  molecular  characteristics  of  the 
inhibition  and  substrate.  However  the  intro¬ 
duction  of  an  alkyl  function  at  the  2  position  of 
hydroxypyridinones  markedly  increases  the  K- 
value  to  the  mM  range,  presumably  due  to  steric 
interference  of  the  chelation  process  at  the 
enzyme  active  site  [14]. 

Inhibition  of  ribonucleotide  reductase,  in  con¬ 
trast  to  the  previously  discussed  enzymes,  pre¬ 
sents  a  critical  problem  —  depletion  of  deoxynu- 
cleotide  pools,  thereby  inhibiting  DNA  synthesis 
by  blocking  elongation.  Inhibition  of  ribonu¬ 
cleotide  reductase  therefore  interferes  with  the 
G1  -»  S  transition,  thereby  blocking  the  cell 
cycle.  It  is  likely  that  the  bone  marrow  toxicity 
induced  by  certain  iron  chelators  results  from  the 
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inhibition  of  this  enzyme  [15].  Agranulocytosis 
and  neutropenia  have  both  been  associated  with 
high  doses  (>80  mg  kg  ')  of  CP20  [16]. 

Ferrochelatase  can  also  be  considered  as  an 
iron-dependent  enzyme  and  may  be  subject  to 
similar  control  mechanisms  to  that  of  the  iron 
response  protein  (IRP)  in  that  it  possesses  an 
iron-sulphur  cluster  [17].  Hydrophobic  hydroxy- 
pyridinones  inhibit  this  enzyme  leading  to 
protoporpharia,  however  hydrophilic  chelators, 


Fig.  2.  Major  fluxes  of  a  chelator  prodrug  (P)  after  oral 
administration.  If  P  is  lipophilic  (dist.  coeff.  >2),  it  will  be 
rapidly  cleared  from  the  portal  blood  stream  by  the  liver  (1st 
pass  kinetics).  The  prodrug  can  be  designed  such  that  it  is 
virtually  quantitatively  converted,  in  the  liver,  to  a  more 
hydrophilic  metabolite  (L),  which  itself  is  not  subjected  to 
further  metabolism.  L  chelates  iron,  the  resulting  complexes 
being  secreted  into  the  bile.  Any  non-chelated  metabolite  (L) 
will  efflux  into  the  systemic  circulation,  where  it  gains  access 
to  the  non-transferrin  bound  iron  pool.  Again,  any  resulting 
iron  complex  will  be  excreted  in  the  urine.  If  the  dist.  coeff. 
of  L  is  adjusted  to  be  less  than  0.001,  the  molecule  will  not 
penetrate  either  the  BBB  or  the  placenta. 


for  instance  CP20  and  CP102,  lack  such  inhib¬ 
itory  activity  (A.  Smith,  pers.  commun.). 

4.2.  Distribution  of  chelators 

As  there  are  a  number  of  enzymes  and  cell 
responses  (for  instance  those  dependent  on  IRP 
[18])  which  are  dependent  on  intracellular 
chelator  levels,  a  practical  strategy  to  minimise 
toxicity  is  to  limit  the  distribution  of  the  chelator 
to  the  region  of  elevated  iron  levels.  Thus  with 
thalassaemia  major  the  liver  is  one  of  the  major 
sites  of  iron  overload,  with  Parkinson’s  disease  it 
is  the  substantia  nigra.  An  approach  which  is 
currently  being  developed  for  the  treatment  of 
thallassaemia  involves  the  prodrug  concept  (Fig. 
2)  where  the  prodrug  P,  by  virtue  of  its  molecular 
weight  and  distribution  coefficient  is  rapidly 
absorbed  from  the  gastrointestinal  tract  and  is 
also  efficiently  extracted  by  the  liver.  In  the 
hepatocyte,  the  prodrug  is  rapidly  converted  to 
the  iron-selective  chelator  L,  which  possesses  a 
much  lower  distribution  coefficient.  The  chelator 
L  is  capable  of  scavenging  iron  in  the  hepatocyte, 
but  also  can  efflux  into  the  systemic  circulation, 
thereby  scavenging  the  extracellular  iron  pool 
[19].  By  virtue  of  the  low  distribution  coefficient, 
the  chelator,  L,  does  not  gain  ready  access  to 
other  cells,  nor  does  it  cross  the  BBB. 


hydrophobic  hydrophilic 

drug  metabolite 

Fig.  3.  Phase  1  metabolism  of  a  pivoyl  ester  containing 
hydroxypyridinone  to  the  parent  alcohol. 
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Table  4 

Ideal  distribution  requirements  for  orally  active  iron  chelators,  designed  to  treat  thalassaemia 


Good  absorption  from  gastrointestinal  tract 
Efficient  liver  extraction 

Poor  entry  into  peripheral  cells  (Thymus,  muscle,  heart,  bone  marrow) 
Poor  ability  to  penetrate  BBB  and  maternal/placental  barrier 


Dist.  coeff. 

>0.2 

>1.0 

<0.001 

<0.001 


Hydroxypyridinones  possessing  these  proper¬ 
ties  have  recently  been  identified  [20].  Thus,  the 
hydroxyethyl-substituted  compound  (CP102  (2)) 
is  not  extensively  metabolised  and  hydrophobic 
esters  of  this  compound  are  rapidly  extracted  by 
liver.  Pivoyl  esters,  for  instance,  are  stable  in 
both  the  lumen  of  the  small  intestine  and  plasma 
but  in  contrast  they  are  rapidly  hydrolysed  in 
hepatocytes  by  cytoplasmic  carboxyesterases 
(Fig.  3).  By  adopting  this  strategy  it  is  possible  to 
design  chelators  with  distribution  properties 
similar  to  the  ideal  ranges  as  outlined  in  Table  4. 
The  concept  works  extremely  well  in  mammals, 
the  pivoyl  esters  leading  to  enhanced  iron  excre¬ 
tion  in  several  iron  overload  models  [21].  Un¬ 
fortunately,  pivalic  acid  possesses  undesirable 
side  effects  in  man  when  used  at  high  doses  [22], 
the  branched  acid  inhibiting  the  carnitine  cycle 
and  thereby  inducing  side  effects  in  muscle  [23]. 
We  are  currently  investigating  alternate  acids 
which  will  serve  the  same  function  of  efficiently 
delivering  hydroxypyridinones  to  the  liver  and 
thereby  offering  a  realistic  approach  to  the 
design  of  non-toxic,  orally  active  iron  chelators 
for  the  treatment  of  thalassaemia. 
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Abstract 

Iron  and  hydrogen  peroxide  are  capable  of  oxidizing  a  wide  range  of  substrates  and  causing  bidogical  damage^ 
The  reaction  referred  to  as  the  Fenton  reaction,  is  complex  and  capable  of  generating  both  hydroxyl  radicals 
higher  oStion  states  of  the  iron.  The  mechanism  and  how  it  is  affected  by  different  chelators,  and  the 
interpretation  of  results  obtained  in  biological  systems,  are  discussed. 
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1.  Introduction 

Iron  is  an  essential  constituent  of  a  number  of 
proteins  involved  in  oxygen  transport  or  metabo¬ 
lism.  It  must  also  be  transported  around  the 
body,  stored  and  made  available  for  synthesis  of 
iron  proteins.  The  ability  of  iron  to  undergo 
cyclic  oxidation  and  reduction  is  an  important 
aspect  of  its  function.  However,  such  redox 
activity  can  generate  free  radicals  and  other 
strongly  oxidizing  species  capable  of  causing  a 
wide  range  of  biological  injury.  This  can  occur 
through  a  variety  of  mechanisms.  Iron  can  pro¬ 
mote  radical  formation  from  physiological  or 
xenobiotic  compounds,  e.g.  by  catalysing  autoxi- 
dation,  it  can  initiate  lipid  peroxidation,  and 
react  with  hydrogen  peroxide  to  produce  more 
highly  reactive  and  toxic  species. 

From  the  time  that  oxygen  radicals  were  first 
implicated  in  biological  injury,  many  studies  have 
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shown  protection  by  superoxide  dismutase  and 
or  catalase,  and  sometimes  metal  chelators. 
These  effects  have  been  widely  attributed  to 
preventing  hydroxyl  radical  formation  from  the 
iron  catalysed  reaction  of  superoxide  and  hydro¬ 
gen  peroxide  (Haber-Weiss  reaction),  and  this 
reaction  became  the  most  plausible  explanation 
for  the  majority  of  radical  mediated  injury  and 
the  toxicity  of  superoxide.  However,  two  im¬ 
portant  properties  of  superoxide  have  recently 
emerged.  The  first  is  its  ability  to  react  with  nitric 
oxide  to  give  per oxy nitrite,  a  strong  oxidant  with 
properties  similar  to  the  hydroxyl  radical  [1].  The 
second  is  the  ease  with  which  super  oxide  can 
remove  iron  from  certain  iron  sulfur  proteins  [2]. 
Thus  two  mechanisms  for  superoxide  toxicity 
independent  of  the  Haber-Weiss  reaction  have 
been  identified,  the  first  not  requiring  iron  or  a 
transition  metal,  and  the  second  releasing  iron 
without  requiring  superoxide  to  act  subsequently 
as  its  reductant.  This  means  that  the  Haber- 
Weiss  reaction  may  not  have  been  responsible 
for  all  of  the  biological  injury  previously  attribu- 
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ted  to  it.  The  role  of  iron  now  needs  more  critical 
evaluation. 

2.  The  Fenton  reaction 

The  Haber-Weiss  reaction  is  a  specific  exam¬ 
ple  of  the  Fenton  reaction.  This  term  refers  to 
the  reaction  between  hydrogen  peroxide  and 
ferrous  salts  to  produce  a  reactive  species  ca¬ 
pable  of  oxidising  a  wide  variety  of  organic 
substrates.  If  Fe2+  can  be  recycled  from  Fe3+, 
the  iron  can  act  catalytically.  This  is  likely  to  be 
necessary  under  physiological  conditions,  where 
iron  availability  is  low.  Superoxide  is  one  po¬ 
tential  iron  reductant.  Hydrogen  peroxide  is 
produced  in  a  vast  majority  of  biologically  rel¬ 
evant  free  radical  reactions.  Although  on  its  own 
it  is  not  particularly  toxic,  there  are  numerous 
examples  of  damage  to  biological  molecules,  in 
which  hydrogen  peroxide  and  iron  are  implicated 
[3].  A  large  body  of  circumstantial  evidence 
points  toward  a  role  of  Fenton  chemistry  in  free 
radical  pathology. 

The  reaction  has  been  studied  in  a  large 
number  of  chemical  and  biochemical  systems 
employing  a  variety  of  iron  chelates  and  detec¬ 
tion  systems.  The  general  finding  is  that  most 
chelates  cause  oxidation  of  some  but  not  neces¬ 
sarily  all  detectors  and  relative  product  yields  for 
the  different  chelates  can  vary  depending  on  the 
detector.  Questions  have  therefore  arisen  as  to 
whether  some  iron  complexes  are  unable  to 
produce  a  Fenton  oxidant,  whether  they  produce 
different  oxidants,  or  whether  they  all  produce 
the  same  oxidant  that  has  different  overall  effects 
depending  on  what  other  secondary  reactions 
occur.  Thus,  whether  or  not  the  product  of  the 
Fenton  reaction  is  the  hydroxyl  radical  has  been 
a  matter  of  contention  for  many  years  [4-9]. 

The  simplest  representation  of  the  Fenton 
reaction  is  (1),  in  which  there  is  an  initial 
electron  transfer  with  no  bonds  formed  or 
broken  in  the  process,  and  hydroxyl  radicals  are 
produced.  This  is  termed  an  outer  sphere  mecha¬ 
nism. 

Fe2+ +H202^Fe3+ +  [H202-]^  OH  +  OH 

(1) 


However,  on  thermodynamic  grounds  this 
mechanism  is  extremely  unfavorable  and  regard¬ 
less  of  how  the  iron  is  complexed  it  is  unlikely  to 
occur  as  shown.  The  evidence  is  strongly  in 
support  of  an  inner  sphere  mechanism,  forming  a 
tiansient  that  can  be  regarded  as  a  ferrous 
peroxide  complex  as  in  reaction  (2)  [6,9].  In  this 
and  subsequent  reactions  the  iron  is  considered 
as  complexed  to  a  ligand  (L)  that  might  be 
EDTA,  phosphate,  or  any  biological  chelator. 

L-Fe“  +  H202  — »L-Fe(H,OQ2"  (2) 

L-Fe(H202)2+~^L-Fe^  +  OH  +  OH  (3) 

or 

L-Fe4^  +  20H  (4) 

or 

+  R->L-Fe^  +  OH  +  ROH  (5) 

Fe(H202)  and  Fe4  are  higher  oxidation 
states  of  the  iron  that  can  be  regarded  as 
iron(IV)  or  ferryl  species.  The  transient  can 
break  down  in  a  variety  of  ways,  to  give  the 
hydroxyl  radical  in  reaction  (3),  or  an  iron(IV) 
species  in  reaction  (4)  or  by  directly  oxidizing  a 
substrate  (R)  in  a  reaction  typified  by  reaction 
(5).  The  rates  of  these  steps  are  influenced  by  the 
accessibility  of  the  hydrogen  peroxide  to  the 
iron,  which  in  turn  relates  to  the  number  of 
ligation  sites  occupied  by  the  chelator.  Thus  the 
relative  importance  of  reactions  (3)-(5)  depends 
on  the  nature  of  the  chelator  and  also  to  some 
extent  on  the  pH.  Furthermore,  the  presence  of  a 
compound  that  can  be  directly  oxidized  by  the 
transient  (reaction  (5))  can  alter  the  mechanism 
so  that  little  OH  is  produced.  Current  evidence, 
is  consistent  with  this  mechanism  in  which  a 
reactive  peroxide  intermediate  is  formed  as  the 
initial  step  with  all  iron  complexes.  The  way  that 
this  breaks  down  and  whether  free  hydroxyl 
radicals  are  subsequently  formed  depends  both 
on  the  chelator  and  on  the  composition  of  the 
solution. 

For  differences  between  Fenton  oxidants  to  be 
functionally  relevant,  the  oxidants  must  give 
distinguishable  products  or  differ  in  their  reac¬ 
tivities  with  substrates.  While  this  would  seem 
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straightforward  to  establish  by  comparing  with 
OH  generated  radiolytically  on  the  basis  of 
product  analysis  or  competitive  kinetics,  in  prac¬ 
tice  it  is  extremely  difficult.  It  has  been  done  for 
Fe(EDTA)  and  Fe(nitrilotriacetate)  in  systems 
where  rate  constants  for  all  the  primary  and 
potential  secondary  reactions  are  known.  For 
Fe(EDTA),  it  has  been  shown  that  in  most 
systems  the  Fenton  product  is  indistinguishable 
from  the  hydroxyl  radical  [9].  However,  there  are 
a  few  substrates  that  can  presumably  react  in  (5) 
such  that  OH  is  no  longer  the  predominant 
oxidant  [10].  For  Fe(nitrilotriacetate),  however, 
OH  is  not  the  major  product  and  oxidations  by  a 
ferryl  species  are  more  favored  [9].  For  these  two 
similar  Fe(II)  chelates,  therefore,  differences  in 
the  relative  rates  of  reactions  (2)- (5)  seem  able 
to  affect  their  mechanism  of  reaction  with  hydro¬ 
gen  peroxide.  It  seems  likely  that  the  behavior  of 
iron  complexed  with  physiological  chelates  is  also 
explicable  in  terms  of  variable  contributions  of 
reactions  (3)-(5). 

With  most  Fenton  detection  systems,  identify¬ 
ing  the  oxidant  involved  is  not  straightforward. 
As  a  general  rule,  the  initial  oxidation  of  the 
substrate  generates  another  radical  and  thus  sets 
up  a  sequence  of  radical  reactions.  Each  step  can 
potentially  be  influenced  by  components  of  the 
Fenton  system.  Spin  trapping,  for  example  with 
dimethylpyrroline  A-oxide  (DMPO),  would  ap¬ 
pear  to  circumvent  this  problem  and  also  have 
the  advantage  of  identifying  the  trapped  species. 
However,  even  in  this  case  complications  arise. 
First,  DMPO-OH  can  be  formed  either  directly 
through  the  addition  of  OH  or  by  electron 
extraction  by  another  oxidant  such  as  a  ferryl 
species  followed  by  hydration.  Also,  iron  com¬ 
plexes  have  the  ability  to  oxidize  or  reduce  the 
trapped  radical  [11].  While  yields  that  are  not  as 
expected  for  OH  can  be  taken  as  indicative  of 
involvement  of  other  species  [8],  it  is  only  when 
all  these  secondary  reactions  are  considered  that 
definite  conclusions  can  be  drawn. 

Another  approach  has  been  to  use  compounds 
such  as  salicylate  that  react  with  OH  to  give  a 
specific  ratio  of  2-  and  5-hydroxylated  products. 
However,  in  these  systems  interaction  of  inter¬ 
mediates  with  iron  chelates  or  other  components 


of  the  reaction  mixture  can  also  distort  the 
product  ratio  [12]. 

We  have  used  deoxyribose  oxidation  exten¬ 
sively  to  investigate  Fenton  reaction  products 
[13-15].  This  reaction  has  advantages  of  sen¬ 
sitivity  and  simplicity,  but  it  involves  several 
steps  and  produces  a  number  of  poorly  char¬ 
acterized  products.  Competitive  kinetic  analysis 
in  which  reactant  concentrations  are  varied  and 
scavengers  added  have  provided  useful  mech¬ 
anistic  information,  but  the  potential  for  reaction 
at  different  steps  in  the  sequence  imposes  limita¬ 
tions.  Our  results  with  this  system  are  compatible 
with  Fe2+(EDTA)  reacting  with  hydrogen  perox¬ 
ide  to  produce  OH.  With  Fe“  in  phosphate 
buffer,  our  results  are  not  consistent  with  a 
reaction  due  solely  to  free  OH  or  site  localized 
OH,  and  we  had  to  conclude  that  the  system  was 
too  complex  for  definitive  identification  of  the 
Fenton  oxidant  [15]. 

Cells  or  whole  organisms  are  even  more  prob¬ 
lematic.  Radical  reactions,  whether  or  not  they 
involve  Fenton  chemistry,  involve  a  series  of 
steps  and  intermediates.  In  cells  these  are  com¬ 
pounded  with  large  concentration  gradients  and 
numerous  potential  intermolecular  associations, 
poorly  characterised  iron  species  and  a  require¬ 
ment  for  an  unrealistically  high  concentration  of 
a  scavenger  to  inhibit  reactions  of  a  species  such 
as  OH  efficiently.  Therefore,  appropriate 
scavengers  and  chelators  can  be  used  as  probes 
for  Fenton  chemistry  in  vivo,  but  as  concluded  by 
Goldstein  et  al.  [9],  to  decide  whether  reactions 
are  due  to  hydroxyl  radicals  or  a  higher  oxidation 
state  metal  is  an  impossible  task. 

3.  Reductants  of  catalytic  iron 

Many  ferrous  chelates  react  with  hydrogen 
peroxide  to  produce  an  oxidizing  species,  but  for 
the  iron  to  act  catalytically,  the  ferric  chelate 
must  be  reducible.  Chelators  affect  the  reduction 
potential  of  iron,  and  therefore  its  effectiveness 
as  a  catalyst.  Thus,  particular  reductants  promote 
Fenton  chemistry  with  some  iron  chelates  but  not 
others.  Superoxide,  which  is  a  mild  reductant, 
functions  efficiently  with  Fe(EDTA).  However, 
other  chelates,  e.g.  with  citrate,  ATP  and  ADP, 
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are  much  less  effective  catalysts  and 
Fe(diethylenetriamine-penta-acetic  acid)  is  es¬ 
sentially  inactive  in  the  superoxide-driven  Fen¬ 
ton  reaction  [16].  With  more  strongly  reducing 
radicals  such  as  derived  from  paraquat  or  ad- 
riamycin,  all  these  chelates  are  good  catalysts  of 
Fenton  chemistry  [13].  Reductants  like  ascorbate 
fall  within  these  two  extremes. 

4.  Prevention  of  Fenton  reactions 

The  ideal  chelator  for  preventing  Fenton 
chemistry  must  stabilize  iron  in  a  redox  state  that 
is  inert  either  to  oxidation  by  hydrogen  peroxide 
or  to  reduction  by  commonly  encountered  reduc¬ 
ing  agents.  The  iron  transport  proteins,  trans¬ 
ferrin  and  lactoferrin  fall  into  the  latter  category. 
Desferrioxamine  largely  meets  this  criterion, 
although  strong  reductants  like  the  paraquat 
radical  can  reduce  the  ferric  complex.  1,10- 
Phenanthroline  and  bipyridine,  on  the  other 
hand,  prevent  the  reaction  of  Fe2+  with  hydro¬ 
gen  peroxide.  It  is  desirable  to  use  both  types  of 
chelator  when  establishing  whether  a  Fenton- 
type  reaction  is  involved  in  biological  damage. 
However,  it  is  important  to  keep  in  mind  that 
these  compounds  can  bind  other  metals,  and 
desferrioxamine  has  poor  penetrability  for  many 
cells.  It  also  scavenges  a  wide  range  of  oxidant 
species  [17,18]  so  its  effects  are  not  always  due  to 
chelation. 

5.  Site  specific  reactions 

One  effect  of  chelators  is  to  remove  iron 
bound  to  other  molecules  and  thereby  prevent  it 
from  undergoing  site  localized  reactions  with 
them.  There  is  good  evidence  that  bound  iron 
can  cause  site  specific  damage  to  proteins  and 
DNA  [19,20].  Chelators  can  prevent  such  reac¬ 
tions  even  if  they  do  not  inhibit  Fenton  chemis¬ 
try.  Probably  the  mechanism  is  best  represented 
by  reaction  (5),  with  R  localized  close  to  the  iron 
binding  site,  rather  than  a  reaction  of  OH, 
although  this  is  not  easily  distinguished  ex¬ 
perimentally.  There  has  been  a  tendency  to 
attribute  any  reactions  requiring  hydrogen 
peroxide  that  are  influenced  by  chelators  and  do 


not  exhibit  the  expected  competition  kinetics  for 
a  reaction  of  free  OH  to  a  site  specific  reaction 
of  OH  with  the  detector  [21].  In  many  cases  this 
is  without  evidence  of  metal  binding.  However, 
as  described  above,  chelators  can  also  influence 
the  mechanism  of  the  Fenton  reaction  by  modify¬ 
ing  the  redox  potential  of  iron  and  the  ease  with 
which  it  can  form  a  transient  complex  with 
hydrogen  peroxide.  In  view  of  these  multiple 
effects  on  the  reactivity  of  iron,  site  specificity  is 
not  the  only  interpretation  of  apparently  anomal¬ 
ous  results.  Evidence  that  the  metal  binds  to  the 
target  should  be  demonstrated  before  site 
specificity  is  invoked. 

6.  Physiological  Fenton  catalysts 

Regarding  the  physiological  forms  of  iron  that 
can  participate  in  Fenton  reactions,  it  is  widely 
accepted  that  small  amounts  of  low  molecular 
weight  or  loosely  bound  iron  exist  intracellularly, 
in  transit  between  different  protein  pools.  This 
iron  is  poorly  characterized.  Its  existence  is 
supported,  however,  by  the  control  it  appears  to 
exert  on  iron  homeostasis  through  the  iron 
responsive  element  binding  protein  [22].  This  is  a 
cytosolic  iron-sulfur  protein,  aconitase,  that  acts 
as  an  iron  sensor.  When  iron  levels  are  low  it 
loses  one  of  its  irons,  and  its  affinity  for  the  iron 
responsive  element  in  mRNA  is  increased.  This 
enhances  translation  of  the  transferrin  receptor 
and  downregulates  translation  of  ferritin  and 
other  proteins  involved  in  iron  utilization  and 
generally  places  the  cell  in  a  position  for  acquir¬ 
ing  more  iron  for  heme  synthesis.  As  iron  levels 
increase,  an  extra  iron  becomes  incorporated 
into  the  binding  protein,  its  affinity  for  the 
mRNA  is  decreased  and  effects  on  translation 
are  reversed. 

The  bulk  of  cell  iron  is  present  in  ferritin  and 
heme  proteins.  Iron  within  ferritin  does  not 
participate  in  redox  reactions,  but  it  can  be 
reductively  released  by  a  variety  of  radicals  [23]. 
Superoxide  is  one  of  these.  However,  it  and 
other  cellular  reductants  are  relatively  inefficient 
and  ferritin  may  normally  be  more  of  a  protector 
than  contributor  to  cell  injury.  More  reducing 
radicals,  such  as  the  paraquat  and  adriamycin 
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radicals,  and  strong  reductants  such  as  6-hy- 
droxydopamine,  are  much  more  effective  at 
releasing  ferritin  iron,  and  this  could  contribute 
to  their  cytotoxicity. 

Heme  proteins  react  with  hydrogen  peroxide 
but  do  not  release  detectable  OH  [24],  Com¬ 
pound  II  complexes  of  peroxidases  and  the 
equivalent  forms  of  hemoglobin  and  myoglobin 
are,  however,  well  characterized  ferryl  species. 
The  reaction  of  hemoglobin  or  myoglobin  with 
hydrogen  peroxide  gives  a  ferryl  radical,  in  which 
the  radical  character  is  localized  on  the  globin. 
These  complexes  are  strongly  oxidizing  as  dem¬ 
onstrated  by  their  oxidation  of  numerous  per¬ 
oxidase  substrates  [25]  and  promotion  of  pro¬ 
cesses  such  as  lipid  peroxidation.  Therefore, 
while  not  true  Fenton  reagents,  hemoglobin, 
myoglobin  and  other  heme  proteins  must  be 
regarded  as  potential  candidates  for  iron  me 
diated  injury  by  hydrogen  peroxide. 

Although  hydroxyl  radicals,  and  Fenton  sys¬ 
tems,  are  capable  of  initiating  lipid  peroxidation, 
in  most  biological  systems  this  does  not  appear  to 
be  the  prime  mechanism  that  operates.  Catalase 
is  seldom  protective,  and  reactions  of  iron  with 
even  small  amounts  of  lipid  hydroperoxides  to 
give  peroxyl  and  alkoxyl  radicals  are  more  likely 
to  propagate  peroxidation. 

7.  Conclusion 

The  majority  of  ferrous  chelates  react  with 
hydrogen  peroxide  to  produce  a  Fenton  oxidant. 
On  thermodynamic  grounds  the  reaction  almost 
certainly  occurs  by  an  inner  sphere  mechanism  to 
produce  initially  a  peroxide-bound  transient. 
There  is  experimental  evidence  to  indicate  that 
this  transient  can  react  with  oxidizable  substrates 
either  as  a  ferryl  species  or  break  down  to  give 
hydroxyl  radicals.  The  relative  importance  of  the 
different  oxidation  mechanisms  depends  on  how 
the  iron  is  chelated  and  on  what  substrates  are 
present.  While  these  effects  can  be  distinguished 
in  a  chemical  system,  in  cells  or  whole  organisms 
this  may  be  impossible.  However,  provided  the 
potential  for  broad  reactivity  is  accepted  and 
atypical  behavior  for  OH  is  not  automatically 
assumed  to  be  due  to  a  particular  mechanism 


such  as  site  specificity,  then  in  terms  of  biological 
relevance  the  exact  nature  of  the  Fenton  oxidant 
is  probably  not  critical.  Regardless  of  its  identity, 
this  oxidant  will  react  with  a  multitude  of  bio¬ 
logical  constituents  and  show  little  discrimina¬ 
tion.  This  means  that  molar  concentrations  of 
any  one  scavenger  would  be  necessary  to  trap  it 
effectively  in  a  cell  or  biological  fluid.  Hydroxyl 
radical  scavenging  ability  of  pharmacological 
agents,  therefore,  is  largely  irrelevant.  If  such 
agents  are  effective  as  antioxidants,  they  are 
much  more  likely  to  be  scavenging  other  less 
indiscriminate  radicals  or  acting  by  an  alternative 
mechanism. 
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Abstract 


Retinoic  acid,  an  oxidative  metabolite  of  vitamin  A,  is  involved  in  the  control  of  many  biological  processes 
including  embryonic  development  and  excess  as  well  as  deficiency  of  retinoids  has  been  found  to  be  teratogenic 
The  effects  of  retinoids  in  normal  as  well  as  abnormal  development  may  be  mediated  by  two  members  of  retinoid 
receptors  the  RARs  and  RXRs,  which  exhibit  specific  temporal  and  spatial  expression  during  development. 
Evidence’ accumulates  that  any  alteration  of  this  complex  retinoid  system  may  be  related  to  teratogenic  effects 
Here  we  investigate  the  influence  of  toxicokinetic  parameters,  including  aspects  of  metabolism  and  placental 
transfer  on  the  teratogenic  potency  of  retinoids.  It  is  demonstrated  that  activation  (oxidation  of  retinoic  acids; 
hydrolysis  of  glycoconiugates)  and  deactivation  reactions  (isomerization  from  irons-  into  “'-configuration;  ft- 
glucuronidation)  relate  to  teratogenesis.  The  /3-glucuronides  of  retinoic  acids  show  poor  placental  transfer  and 
prolonged  presence  in  the  maternal  organism.  Non-retinoid  compounds  such  as  antiepileptic  agents  may  exert  some 
of  their  teratogenicity  via  alteration  of  endogenous  retinoid  levels. 


Keywords:  Vitamin  A;  Retinoic  acid;  Teratogenesis;  Retinoyl-/3-glucuronides;  Retinoid  receptor  ligands;  Placental 
transfer 


1.  Introduction 

Retinoic  acid,  an  oxidative  metabolite  of  vita- 
min  A,  plays  a  key  role  in  many  biological 
processes  including  growth  and  differentiation  of 
epithelial  tissues,  spermatogenesis,  vision  and 
embryonic  development  [1,2].  This  extremely 
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Abbreviations:  AUC,  area  under  the  concentration-time 
curve;  Cnvix,  maximal  concentration;  CRBP,  CRABP,  cellular 
retinol  and  retinoic  acid  binding  protein,  respectively;  RAR, 
retinoic  acid  receptor;  RXR,  retinoid  X  receptor. 


broad  range  of  effects  is  thought  to  be  mediated 
by  nuclear  retinoid  receptors  as  well  as  cytosolic 
retinoid  binding  proteins  [3].  There  are  two 
groups  of  retinoid  receptors;  RARa,  RAR/3  and 
RARy  as  well  as  RXRa,  RXR/3  and  RXRy  [4]. 
These  receptors  belong  to  the  steroid /thyroid 
hormone  receptor  superfamily  and  function  as 
ligand-activated  transcription  factors  controlling 
the  expression  of  numerous  responsive  genes. 
All-/rans -retinoic  acid  acts  as  ligand  for  the 
RAR-receptors,  while  9-cw-retinoic  acid  can 
bind  to  both  the  RAR-  and  RXR-receptors.  The 
specific  expression  of  these  receptors  (and  their 
isoforms),  as  well  as  the  concentrations  of  the 
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retinoic  acid  ligands  may  be  crucial  factors  in  the 
control  of  the  transcription  of  responsive  genes. 

Vitamin  A  excess  and  deficiency,  as  well  as  the 
administration  of  low  doses  of  retinoic  acid  have 
been  shown  to  result  in  teratogenic  effects  [5-8]. 
All-fra/iy-retinoic  acid  is  present  endogenously  in 
the  embryo  and  shows  a  specific  distribution 
within  the  embryo.  The  RAR  and  RXR  families 
of  retinoic  acid  receptors  also  show  a  very 
distinct  spatial  as  well  as  temporal  distribution 
within  the  developing  embryo.  In  addition,  the 
cytosolic  retinol  binding  proteins  (CRBPs)  as 
well  as  the  retinoic  acid  binding  proteins 
(CRABPs)  also  exhibit  a  very  specific  expression 
pattern  in  the  embryo,  which  could  also  be 
crucial  for  the  action  for  endogenous  and  ex¬ 
ogenous  retinoids  [9].  These  proteins  may  be 
involved  in  the  metabolism  of  retinol  and  reti¬ 
noic  acid  as  well  as  in  the  control  of  the  ‘free’ 
concentration  of  all-fra/is-retinoic  acid,  which  is 
available  for  nuclear  receptor  binding.  Thus,  the 
multiplicity  of  the  receptors  (RARs  and  RXRs 
and  their  isoforms),  the  formation  of  homo-  and 
hetero-receptor  dimers,  the  two  natural  ligands 
(all -trans-  and  9-ds -retinoic  acids),  the  multiplici¬ 
ty  of  cytosolic  retinoid  binding  proteins 
(CRABPs  and  CRBPs)  and  the  very  specific 
temporal  and  spatial  expression  of  retinoid  re¬ 
ceptors,  binding  proteins  and  ligands  within  the 
embryo  could  enable  an  extremely  wide  range  of 
signaling  pathways  that  control  normal  develop¬ 
ment. 

We  have  therefore  investigated  toxicokinetic 
and  metabolic  parameters  in  maternal  plasma 
and  embryo  and  related  these  patterns  to  the 
teratogenic  activity  of  the  administered  retinoid 
compounds  [6-8].  We  have  also  demonstrated 
that  antiepileptic  agents  can  alter  plasma  con¬ 
centrations  of  retinol  and  several  retinoic  acids, 
and  these  effects  may  be  involved  in  the  mecha¬ 
nism  of  anticonvulsant  teratogenesis  [10]. 


2.  Results  and  discussion 

2.1.  Placental  transfer  of  retinoids 

The  chemical  structure  of  retinoids  has  a  major 
influence  on  placental  transfer.  All-fra/w-retinol 


and  all-fram-retinoic  acid  show  extensive  placen¬ 
tal  transfer,  while  the  cis- isomers  of  retinoic  acid 
(9 -cis,  13 -cis,  9,13-di-cA-retinoic  acid)  show  a 
much  more  limited  placental  transfer  in  the 
mouse,  rat  and  rabbit  (Table  1).  The  reasons 
behind  these  structure-specific  differences  are 
not  clear,  and  may  reside  in  the  differential 
binding  affinities  of  these  retinoic  acids  to  pro- 
tein(s)  which  may  possibly  exist  for  their  specific 
transport  into  the  embryonic  compartment.  In¬ 
terestingly,  the  placental  transfer  of  13-m-reti- 
noic  acid  was  much  greater  in  the  monkey  than 
in  the  rodent  species,  and  the  differing  placental 
structures  between  the  rodents  (yolk  sac 
placenta)  and  the  monkey  (chorioallantoic 
placenta)  were  suggested  to  be  one  reason  for 
these  interesting  and  potentially  important  dif¬ 
ferences. 

2.2.  Plasma  clearance  and  metabolism 

The  13-d? -retinoic  acid  is  a  potent  teratogen  in 
monkeys,  and  even  more  potent  in  the  human, 
and  extensive  transfer  to  the  monkey  embryo 
may  be  important  in  this  aspect.  Also  the  pri¬ 
mary  metabolic  pathway  proceeds  to  the  13-ds1- 
4-oxo-retinoic  acid  in  the  monkey,  which  may 
serve  as  an  activation  pathway  of  teratogenesis. 
In  contrast,  in  rats  and  mice  the  main  plasma 
metabolite  is  the  13-d?-retinoyl-/3-glucuronide 
which  shows  very  poor  placental  transfer  and 
may  have  little  intrinsic  teratogenic  activity. 
Furthermore,  the  plasma  clearance  of  1 3 -c/s -reti¬ 
noic  acid  is  much  greater  in  rats  and  mice  than  in 
monkeys.  The  low  teratogenic  potency  of  13-d?- 


Table  1 

Placental  transfer  of  retinoids 
(mouse,  rat,  rabbit) 


Retinoid 

Embryo/maternal  plasma  ratio 

RAG 

a\\- trans 

0.01-0.03 

13 -cis 

0.01-0.03 

9 -cis 

0.01-0.03 

RA 

9,13-di-m 

0.01-0.03 

1 3-cis 

0.05-0.1 

9 -cis 

0.15 

aU-trans 

0.5-2 

Data  from  Refs.  [11-161. 
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Table  2 


Species  variation  of  13-cis -retinoic  acid  teratogenesis 


Parameter 

Mouse  /rat 

Rabbit 

Monkey /human 

Clearance 

AUC 

Placental  transfer 

Maternal  metabolism 

Fast 

Low 

<0.1 

Deactivation  to  /3-glucuronides 

Slow 

High 

<0.1 

Activation  to  4-oxo-met. 

Slow 

High 

0.4  (monkey) 

Data  from  Refs.  [11,12,14-17,19,20]. 


retinoic  acid  in  the  rat  and  mouse  may  therefore 
be  explained  by  three  factors  (Table  2):  limited 
placental  transfer,  rapid  plasma  clearance  and 
extensive  metabolic  detoxification;  on  the  other 
hand,  the  high  teratogenic  activity  of  this  retinoid 
in  the  monkey  (and  possibly  the  human  as  well) 
is  the  result  of  more  extensive  placental  transfer, 
slower  plasma  clearance  and  extensive  metabo¬ 
lism  to  the  active  4-oxo-metabolite  (Table  2). 

2.3.  Alteration  of  endogenous  retinoid  levels  as 
possible  mechanism  of  teratogenesis  of 
antiepileptic  agents 

The  major  antiepileptic  drugs  used  for  the 
control  of  seizures  can  induce  developmental 
toxicity  when  administered  during  pregnancy. 
Vitamin  A  and  retinoids  are  thought  to  control 
many  processes  of  embryonic  development  in¬ 
cluding  growth,  differentiation  and  mor¬ 
phogenesis.  We  have  tested  the  hypothesis  that 
the  teratogenic  action  of  antiepileptic  agents  is 
mediated  via  alteration  of  the  endogenous  vita¬ 
min  A  -  retinoid  metabolism.  Retinol  and  its 


oxidative  metabolites,  d\\-trans-,  13 -cis-  and  13- 
c/5_4_oxo-retinoic  acid  were  measured  in  the 
plasma  of  75  infants  and  children  treated  with 
various  antiepileptic  drugs  for  the  control  of 
seizures,  and  in  29  untreated  controls  of  compar¬ 
able  age  [10].  Retinol  levels  increased  with  age, 
while  the  concentrations  of  retinoic  acid  com¬ 
pounds  did  not  exhibit  age-dependency.  Valproic 
acid  monotherapy  increased  retinol  levels  in  the 
young  age  group  and  a  trend  toward  increased 
retinol  concentrations  was  also  observed  in  all 
other  patient  groups  (Table  3).  The  levels  of  the 
oxidative  metabolites  13-civ-  and  13-cw-4-oxo- 
retinoic  acids  were  strongly  decreased  in  all 
patient  groups  treated  with  phenytoin,  phenobar- 
bital,  carbamazepine  and  ethosuximide,  in 
combination  with  valproic  acid,  to  levels  which 
were  27%  and  6%  of  corresponding  control 
values,  respectively  (Table  4).  Little  change  was 
observed  with  a\l-trans -retinoic  acid  except  in 
one  patient  group  treated  with  valproic  acid  - 
ethosuximide  cotherapy  where  increased  levels 
of  this  retinoid  were  found.  Our  study  indicates 
that  therapy  with  antiepileptic  agents  can  have  a 


Table  3 


Plasma  concentrations  of  retinol  in 

infants  and  children  treated  with  antiepileptic  drugs 

Group 

Age  group:  retinol  plasma  cone. 

(ng/ml;  means  ±S.D.) 

0-6  years 

>6  years 

All  subjects 

Controls 

232  ±36  (n  =  15) 

351  ±62  (n  =  12) 

285  ±77  (n  =27) 

VPA 

312  ±73  (n  =  10)* 

379  ±  102  («  =  27) 

363  ±  99  {n  =  39)b 

VPA  +  PT 

e 

393  ±  116  (n  =  4) 

393  ±  116  (n  =  4)a 

VPA  +  CM 

272/317  (n  =  2)b 

436/544  («  =  2)b 

392  ±123  («=  4)b 

VPA  +  PB 

357  ±  40  (n  =  3)d 

414  ±  39  (n  =  4) 

389  ±  47  (n  =  7)a 

VPA  +  ES 

e 

431  ±  137  (n  =  6) 

405  ±143  (n  =  7)a 

VPA  +  combination 

360  ±  20  {n  =  3)d 

420  ±  77.2  (n  =  6) 

399  ±69  (n  =  9)d 

Data  from  Ref.  [10] 

Significantly  higher  than  in  controls  (Student’s  f-test): 
patients. 


p  <0.005;  b  p  <0.05  c  p  <  0.01;  d  p  <  0.0005;  e  insufficient  number  of 
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Table  4 

Plasma  concent! ations  of  polar  retinoids  in  infants  and  children  treated  with  antiepileptic  drugs 


Group 

Plasma  cone,  of  retinoic  acids  (RA)  (ng/ml;  means  ±  S.D.) 

n 

d\\-trans-RA 

13-ck-RA 

13-c 

is -4-oxo-  R  A 

Controls 

29 

1.07  ±0.26 

0.97  ±0.31 

2.26 

±  0.93 

VPA 

40 

1.13  ±0.39 

1.19  ±0.89 

2.22 

±  1.82 

VPA  +  PT 

5 

1.07  ±0.36 

0.30  ±0.19“ 

0.17 

±  0.38“ 

VPA  +  CM 

4 

1.17  ±  0.12 

0.34  ±  0.1  lb 

0.22 

±  0.44 b 

VPA  +  PB 

7 

0.92  ±  0.22 

0.35  ±  0.2(i 1 

0.28 

±  0.48a 

VPA  +  ES 

S 

1.35  ±  0.23 c 

0.58  ±  0.27c 

1.08 

±  o.7  r 

VPA  in  comb.d 

11 

0.91  ±0.31 

0.23  ±0.31“ 

0.14 

±  0.48“ 

n.  number  of  subjects.  For  abbreviations  of  antiepileptic 
Data  from  Ref.  [10] 

drugs  see  Table  3. 

Significantly  different  from  corresponding  controls  (Student’s  r-test):  p  <0.0001:  h  p  <0.001;  L  p  <0.01;  d  Patients  treated  with 
VPA  and  two  or  three  additional  antiepileptic  drugs. 


significant  effect  on  endogenous  retinoid  metab¬ 
olism.  Because  of  the  importance  of  retinoids  for 
signaling  crucial  biological  events  during  em¬ 
bryonic  development,  altered  retinoid  metabo¬ 
lism  may  be  an  important  factor  in  antiepileptic 
drug  teratogenesis.  It  will  be  important  to  study 
how  such  altered  plasma  retinoid  concentrations 
will  affect  tissue  retinoid  levels,  particularly  in 
those  areas  most  susceptible  to  retinoid  excess 
and  deficiency.  The  biological  consequences  of 
altered  tissue  retinoid  concentrations  could  be 
wide-spread. 

Although  all-fr<ms-retinoic  acid,  considered  to 
be  the  most  active  endogenous  retinoid,  was  not 
greatly  altered  in  our  present  study,  the  effects  of 
anticonvulsants  on  retinol,  13-ds -retinoic  acid 
and  its  4-oxo-metabolite  are  likely  to  be  of  great 
importance. 

The  coadministration  of  phenobarbital  also 
drastically  decreased  plasma  levels  of  13-cw-reti- 
noic  acid  and  its  4-oxo-metabolite  [10].  Pheny- 
toin  and  carbamazepine  may  have  acted  similarly 
to  phenobarbital  in  the  reduction  of  endogenous 
retinoids.  It  is  interesting  to  speculate  why  the 
levels  of  di\\-trans -retinoic  acid  were  not  signifi¬ 
cantly  altered  in  these  patients  by  administration 
of  the  inducing  antiepileptic  agents.  It  may  be 
that  the  coadministered  valproic  acid,  previously 
shown  to  be  an  inhibitor  of  several  enzymatic 
reactions,  may  have  offset  the  inducing  activity 
of  the  other  anticonvulsants;  this  hypothesis  is 
presently  under  investigation. 


2.4.  Pharmacokinetic  parameters:  AUC  V5.  Cmax 

We  have  demonstrated  that  the  AUC-values 
(area  under  the  concentration-time  curve  values) 
of  active  retinoids  attained  in  the  embryonic 
compartment  during  sensitive  stages  of  gestation 
are  appropriately  correlated  with  observed 
teratogenic  activity  [6,7,20].  Using  AUC-values, 
a  rational  species  comparison  is  possible  and 
experimental  results  may  be  extrapolated  to 
human  exposures.  It  has  been  shown  that  the 
teratogenic  effects  of  other  drugs  such  as  caffeine 
[21]  and  valproic  acid  [22]  can  be  related  to  the 
maximal  concentrations  (Cmax)-values  rather 
than  the  AUCs.  It  is  even  possible  that  one 
particular  effect  (digit  malformation)  induced  by 
a  drug  such  as  methoxyacetic  acid  can  be  corre¬ 
lated  with  the  AUC-values,  while  another  effect 
(exencephaly)  induced  by  the  same  drug  can  be 
correlated  with  Cm;iX-values  [23].  It  may  be 
inferred  from  that  study  that  the  crucial  tox- 
icokinetic  parameter  will  depend  not  only  on  a 
particular  drug,  but  also  on  a  particular  organ 
system  and  developmental  period. 
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With  EES  the  library  can  overcome  many  of  the  inherent  restric¬ 
tions  of  a  paper-based  environment.  At  a  basic  level,  added  func¬ 
tionalities  include  multiuser  simultaneous  access  and  access  from 
the  end-user’s  desktop.  Depending  upon  the  sophistication  of  the 
local  implementation,  more  functionality  can  be  included:  browsing 
and  searching  using  navigational  and  retrieval  tools,  various  alerting 
functions,  profiling  and  remote  access.  Librarians  can  also  monitor 
journal  usage  easily  and  accurately. 
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Availability... 

This  new  subscription  service,  initially  available  on  a  pilot  program 
basis,  offers  libraries  electronic  versions  of  Elsevier  Science’s  tradi¬ 
tional  research  and  professional  journals.  The  electronic  editions 
are  available  either  in  addition  to  or  in  lieu  of  paper  journals. 
Journals  under  the  imprints  of  Elsevier,  Pergamon,  North-Holland 
and  Butterworth-Heinemann  are  available  under  EES  and  will 
include  not  only  full-length  scientific  articles  but  all  editorial  mater¬ 
ial  including  product  reviews,  correspondence,  editorial  notes,  etc. 

Flexible  pricing/licensing  models  are  geared  to  aid  the  efficient 
dissemination  of  scientific,  technical  and  medical  information. 

Initially  EES  is  delivered  to  pilot  program  participants  on  mag¬ 
netic  tape  or  CD-ROM,  either  weekly  or  bi-weekly  depending  upon 
a  customized  journal  list  profile  of  the  customer. 

EES  IN  THE  LIBRARIES... 

EES  is  intended  to  be  implemented  with  either  a  library  s  own  or 
third-party  software.  For  example,  librarians  may  choose  OCLC’s 
SiteSearch®  system,  which  allows  building,  maintaining  and  search¬ 
ing  databases  locally,  and  OCLC’s  Guidon®  graphical  user  interface. 
Elsevier  Science  is  also  in  negotiation  with  other  technology 
providers  to  be  able  to  offer  users  a  broad  scope  of  possibilities  to 
implement  EES,  based  on  individual  needs. 

The  technology  basis  for  EES  is  a  genuinely  open  architecture, 
in  which  content  adheres  to  open  standards  making  it  inherently 
possible  to  use  the  information  in  any  system  that  also  adheres  to 
these  open  standards.  In  this  way  libraries  have  the  flexibility  to 
build  their  electronic  journal  infrastructure  on  the  basis  of  this  ser¬ 
vice  and  then  extend  and  modify  it  in  the  future. 

The  information  technology  requirements  at  the  institutional 
and  end-user  levels,  however,  are  not  trivial  for  organizations  inter¬ 
ested  in  implementing  EES.  Sites  must  be  well  equipped  to  deal 
with  the  technical  and  organizational  aspects  of  a  large  scale  image- 
based  information  service.  Technical  issues  include  bandwidth  and 
storage  requirements  intrinsic  to  the  page  image  format.  A  complex 
set  of  issues  and  choices  concerning  the  design  and  implementation 
of  the  hardware  and  software  infrastructures  must  be  addressed. 
Organizational  commitment  to  support  user  training  and  feedback  ts 
essential,  especially  during  the  early  stages,  to  increase  the  speed 
of  implementation  and  satisfaction  with  the  end  result. 

About  the  files  ... 

The  electronic  journals  are  provided  in  cover-to-cover  bitmapped 
images  —  black/white  single-page  TIFF  files  with  a  resolution  of 
300  dpi,  compressed  using  the  CCITT  Fax  Group  IV  encoding 
scheme.  Bibliographic  header  information,  including  the  abstract 
and  keywords,  when  present,  are  provided  in  structured  SGML- 
tagged  text.  The  full  text  is  provided  as  an  unedited  and  unstruc- 
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tured  ASCI!  file  created  by  applying  an  OCR  (optical  character 
recognition)  process  on  the  page  image.  This  format  is  similar  to 
the  one  used  in  TULIP,  the  experiment  in  full-text  electronic  jour¬ 
nals  undertaken  by  Elsevier  Science  and  nine  major  research  uni¬ 
versities  that  began  in  1991. 

Collections  of  journals  are  delivered  in  datasets,  each  contain¬ 
ing  one  master  index  file  and  the  Dataset.toc  file.  These  include 
complete  bibliographic  information  as  well  as  all  relevant  cross  ref¬ 
erence  data  (e.g.,  relationships  between  page  images  and  specific 
articles  and  the  cluster  of  articles  published  in  a  journal  issue). 

End-user  access  ... 

Depending  upon  the  implementation,  page  images  can  be  dis¬ 
played  on  the  end-user's  computer  display  and  locally  available 
using  image  viewer  software  with  capabilities  such  as  zooming,  pan¬ 
ning  and  paging.  Page  images  can  also  be  printed  on  most  standard 
laser  printers,  allowing  for  printing  at  the  user's  office  as  well  as  on 
high-volume  production  laser  printers  located  centrally  in  the 
library  or  computer  center. 

Information  can  be  retrieved  using  three  different  basic 
approaches: 

•  Searching  all  or  any  combination  of  structured  bibliographic 
data  fields  and/or  the  full-text  ("raw"  ASCII  files). 

•  Browsing  such  features  as  tables  of  contents,  journal  cover 
representations,  statements  of  aims  and  scope,  and  addition¬ 
al  classification  features  for  each  journal  title. 

•  Profiling  based  on  the  individual  users’  predefined  interest 
areas  to  automatically  notify  users  by  e-mail  about  new  arti¬ 
cles  of  potential  interest. 

Licensing  and  pricing... 

Licensing  agreements  and  the  associated  pricing  models  are  based 
on  the  level  of  implementation  and  functionality  desired  by  each 
customer  organization. 

Licensing  facilitates  wider  access  to  the  information  enhancing 
flexibility  and  greater  functionality.  EES  licenses  are  available  to 
institutions  with  single  or  multiple  sites. 

The  entire  user  community,  as  defined  within  the  license,  may 
access  EES.  Users  will  be  entitled  to  search  and  display  the  elec¬ 
tronic  files  and  make  prints  and  download  without  limitations. 
Licensed  institutions  are  not  authorized  to  distribute  files  to  anyone 
outside  the  defined  categories  of  users  covered  by  the  license. 

Customized  pricing  is  based  on  the  details  of  the  licensing 
agreement.  It  is  possible  to  take  a  license  option  that  entitles  the 
users  to  perform  all  the  functions  as  stated  above  (search,  browse, 
display,  download,  print).  Alternately,  there  exists  the  option  of  pay¬ 
ing  a  lower  subscription  fee,  plus  a  charge  each  time  an  article  is 
downloaded  or  printed. 


EES  AND  OTHER 

Elsevier  electronic  projects... 

EES  is  the  broadest  of  several  Elsevier  Science  projects  based  on 
the  implementation  of  bitmapped  page  images  and  SGML- 
tagged  bibliographic  header  information.  Most  notable  among 
these  are  TULIP  and  CAPCAS,  and  EES  builds  upon  the  expertise 
gained  through  both  of  these  endeavors.  The  technology  used  in 
EES  is  consistent  with  that  being  employed  in  a  number  of  elec¬ 
tronic  full-text  delivery  endeavors,  on  both  a  commercial  and 
test-pilot  basis,  currently  offered  by  leaders  in  the  scientific  pub¬ 
lishing  industry. 

At  the  same  time,  Elsevier  Science  is  installing  systems  to 
ensure  the  possibility  of  delivering  full  text  SGML-tagged  and 
PDF  or  PostScript  files  on  a  broad  scale  in  the  future.  Several  pro¬ 
jects  already  available  use  this  technology  to  electronically 
deliver  single  journals  in  specific  scientific  areas.  Further  infor¬ 
mation  about  these  programs  is  available  from  the  contact  name 
listed  below. 

In  partnership  with  libraries... 

Elsevier  Science  is  building  the  EES  service  in  dose  partnership 
with  the  library  community,  with  the  first  year's  implementation 
being  very  much  an  evolutionary  period.  In  light  of  the  diversity 
of  requirements  and  the  involvement  of  Elsevier  personnel  in 
getting  successful  implementation  in  place,  customization  is 
necessary  and  this  is  currently  possible  with  a  limited  number  of 
participants. 

Elsevier  Science  will  work  with  these  interested  institutions  to 
define  the  technical  and  organizational  infrastructure  needed  to 
support  a  successful  implementation.  The  choices  to  be  made  as  to 
the  functionalities  required  and  resolving  technical  challenges  are 
critical  to  the  success  of  each  site's  implementation.  By  working 
closely  with  program  participants  to  refine  technical  standards,  ser¬ 
vice  requirements  and  price  schedules,  the  end  result  will  be  the 
creation  of  a  service  tailored  to  effectively  address  users'  needs. 
Wider  availability  is  anticipated  in  1996. 

For  further  information... 

Elsevier  Science  will  provide  you  with  further  information  about  EES 
or  place  you  on  a  mailing  list  to  receive  updated  information  on  new 
EES  and  electronic  product  developments.  Please  contact: 

Kimberly  |agh 

Elsevier  Science 

955  Avenue  of  the  Americas, 

New  York,  NY  10010 
tel:  212  633-3842 
fax:  212  633-3935 
e-mail:  k.jagh@elsevier.com 
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